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ABSTRACT
Law, Darin J., PhD., May 2004 Forestry
Forest and Range Ecotone Restoration in Central Montana 
Director: Peter F. Kolb
Ponderosa pine encroachment is a progressive problem in central Montana rangelands. 
Restoring rangelands generates significant woody debris. This study examined the 
effects of woody debris disposal practices on soil moisture, seed germination and 
seedling survival. The impacts of six forest residual treatments were measured on a site 
on the Hilger Hereford ranch north of Helena, Montana. The treatments included small 
piles of woody debris, piles that were burned, piles that were chipped, piles that were 
chipped and bumed, scattered debris that was bumed and a control. The treatments were 
seeded with eight grass species. Surface woody debris thickness, ash thickness, soil 
surface temperature and mineral soil water content were monitored. Grass germination 
and survival were also measured.
On another site on the Sieben ranch north of Helena, Montana three stands were thinned 
to 89,133 and 252 trees ha'^ The residual logging debris was chipped and spread 
uniformly across each of the three treatments. One half of each of the treatments was 
seeded. Grass germination and establishment was monitored. Soil moisture was also 
monitored.
On the Hilger Hereford site the debris treatments significantly increased plant available 
soil water at the soil surface but had less effect in deeper profiles. Debris treatments also 
reduced soil surface temperatures. The bum treatments did not increase plant available 
water, however, they may have affected other variables that may benefit range plant 
recovery. Soil surface temperatures on the bum treatments did not differ from the 
control. Applications of woody debris hindered grass seedling germination and survival. 
Applications of woody debris that was bumed increased grass seed germination and 
seedling survival.
On the Sieben site grass germination was not significant among the treatments but was 
significantly greater on the seeded portions of the treatments compared to the non-seeded 
portions. Grass seeding combined with overstory removal and chipped woody debris 
enhanced grass survival. Soil moisture was not significantly affected.
Ponderosa pine germination and establishment may also be influenced by similar 
treatments. Ponderosa pine germination and survival in the greenhouse was highest on 
bumed seedbeds, seedbeds with debis piles and forest duff seedbeds.
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CHAPTER 1
The effects of forest residual treatments on soil moisture
Summary. Conifer encroachment is a progressive problem on many rangelands, 
especially in central Montana where ponderosa pine is a significant contributor. 
Restoring rangelands generates significant woody debris. The addition of woody 
residues to the soil surface may negatively or positively affect soil moisture availability 
for preferred range plants. This study examined the effects of several woody debris 
disposal practices on soil moisture. The impacts of six forest residual treatments on soil 
moisture were measured from 1999 until 2001 on a site north of Helena, Montana. The 
treatments included small piles of woody debris, piles that were bumed, piles that were 
chipped, piles that were chipped and bumed, scattered debris that was bumed and a 
control. Plots were monitored from June until September from 1999 - 2001 for surface 
woody debris thickness, ash thickness, soil surface temperature and mineral soil water 
content at 0 - 5 and 20 -  30 cm depths. The debris treatments significantly increased 
plant available soil water at the 0 -  5 cm depth but had less effect in deeper soil profiles. 
Debris treatments also reduced soil surface temperatures. The bum treatments did not 
increase plant available soil moisture, however, they may have affected other variables 
that may benefit range plant recovery. Soil surface temperatures on the bum treatments 
did not differ from the control.
Key words: Conifer encroachment -  ponderosa pine -  woody debris -  soil moisture -  
soil temperature.
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Introduction
Conifer encroachment across the western United States is a significant problem. 
Montana grasslands are impacted by ponderosa pine (Pinus ponderosa (Dougl.) Lawson), 
Douglas-fir {Pseudotsuga menziesif), limber pine {Pinus Jlexilis), lodgepole pine {Pinus 
contorta) and Rocky Mountain juniper {Juniperus scopulorum) (Gruell et al. 1986). 
Ponderosa pine encroachment on drier sites and Douglas-fir on more mesic sites is 
especially dramatic and progressive in central Montana. Ponderosa pine has been 
measured to regenerate in dense swaths of seedlings with nearly 5,000 stems ha'* (D. J. 
Bakken personal communication). Conifer encroachment suppresses range forage 
productivity for grazing, increases fire risk, alters soil respiration, soil nitrogen 
transformation and may be responsible for depleting water balances across the landscape 
(Covington et al. 1994, 1997; Covington and Moore 1994; Kaye and Hart 1998a, 1998b).
Ponderosa pine is a species that dominates the lower montane zone across western 
North America from Mexico to Canada (Fowells 1965) and is commonly found in 
associations with bunchgrasses such as bluebunch wheatgrass {Pseudoroegneria spicata 
(Pursh) L6ve subsp. Spicata Barkworth and Dewey 1985) and Idaho fescue {Festuca 
idahoensis). Historically, these forest/range ecotones experienced frequent surface fires 
that helped maintain this vegetation zone as a savannah forest with well-developed 
bunchgrass imderstories (Gruell et al. 1986; Brown et al. 1994; Amo 1995; Bolen 1998) 
dominated by ponderosa pine with clear boles (Leiberg 1899,1900). Similarly, Amo and 
Gruel (1986) concluded that fire retum intervals of 20 to 30 years maintained open 
savanna grasslands on the eastem border of the continental divide. Galena Valley,
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western Montana and limited conifers to rocky or moist sites. Fire suppression efforts in 
the past 100 years have decreased understory fire frequency leading to significant 
changes in plant community structure such as conifer encroachment (Strang and 
Parminter 1980; Swetnam 1993; Amo and Gruel 1986) and accumulated understory fuels 
(Steele et al. 1986; Barrett 1988). Domestic grazing, logging, mining, land cultivation 
and climatic variation may also have contributed to the changes in forest stmcture and 
density (Parminter 1978; Amo and Gmell 1986; Habech 1994).
Reducing conifer densities by thinning appears to be a viable restoration practice 
for land managers. Thinning costs are high, it creates a lot of debris and will not 
eliminate future encroachment Alternatively, debris from thinning can be a means of 
improving site productivity by increasing soil fertility and water retention (Harvey et al.
1987). On forest/range ecotones in central Montana, plant available water is often the 
most limiting resource for plant survival and growth. It is not fully understood how 
woody debris and fire-generated ash affect soil moisture on these sites.
The presence of organic litter on the soil surface has been shown to affect soil 
moisture (Sydes and Grime 1981; Fowler 1986; Williams et al. 1990; Facelli and Pickett 
1991). Litter decreases soil surface temperature and likewise increases the soil surface 
resistance to evaporation (Facelli and Pickett 1991). Litter moderates the soil surface 
temperature by absorbing or reflecting solar radiation during the day and reducing long 
wave emittance at night (Evans and Young 1970). In both grasslands and old fields the 
presence of litter on the soil surface has been shown to increase soil water content by 
decreasing temperature, decreasing evaporation, increasing infiltration and decreasing 
run-off (Larson and Whitman 1942; Dyksterhuis and Schmutz 1947; Weaver and
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Rowland 1952; Blevins et al. 1971; Gupta et al. 1984; Phillips and Phillips 1984). 
Alternatively, litter can also intercept rainfall, increasing evaporative losses prior to being 
absorbed into the soil (Weaver and Rowland 1952; Walsh and Voigt 1977; Sala and 
Lauenroth 1982). The effects of surface organic debris on the soil water balance may be 
dependent upon the type and amount of litter and the precipitation patterns (Facelli and 
Pickett 1951; Walsh and Voigt 1977; Sala and Lauenroth 1982).
The effects of debris consuming fires may also alter the soil water balance by 
influencing water infiltration, water repellency and porosity of the soil surface (Mallik et 
al. 1984). Fire consumes existing litter and vegetation, which creates an ash layer or 
exposes the mineral soil to solar radiation, rain and wind (Sharrow and Wright 1977; 
Mallik et al. 1984; Mallik et al. 1988; Herr et al. 1999). The ash generated by bumed 
organic matter can have a lower albedo than bare mineral soil, which can cause an 
increase in the soil surface temperature and possibly cause the soil to dry faster (Mallik et 
al. 1988; Herr et al. 1999). Depending on the mineral soil texture, the fine texture of ash 
can also impact soil water by reducing water infiltration rates or alternatively increase 
soil water holding capacity. Other research has shown blackened soil and the addition of 
ash to the soil surface to have no significant affect on soil temperature or soil moisture 
(Sharrow and Wright 1977).
The objectives of this study were: (1) to examine the effects of bumed and 
unbumed organic debris on soil moisture and temperature; and (2) examine the short term 
(3 years) changes that occur in organic debris on dry forest types. I hypothesized that: 
different applications of organic debris and burning can significantly affect soil moisture. 
(1) Whole and chipped organic debris will result in increased soil water availability; (2)
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Burned organic debris will have no effect on soil water availability; (3) The organic 
debris and ash treatment effects will be limited to upper soil horizons; (4) Organic debris 
decomposition will be very slow on the study site.
Methods
The study site was 30 kilometers north of Helena, Montana on the Hilger 
Hereford Ranch, Lewis and Clark County, at 46.825° N latitude and 112.225° W 
longitude. The mean elevation was 1463 m, there are an average of 110 -  115 frost-free 
days and the mean annual temperature is 5 °C with summer maximum temperatures 
averaging 22 °C and minimum winter temperatures averaging -6  °C. Mean annual 
precipitation is normally between 254 - 305 mm and mostly occurs from April until June. 
Weather data was provided from the weather station at Holter Dam, which was near the 
study site (Western Regional Climate Center). Soils (Table 1.1) were shallow (20-40 cm) 
Entisols from the Ab Belt Series Algonkian rocks. The soil texture was a gravelly silt 
loam with 25% coarse fragments. Soil Ph on the study site ranges from 7.6 to 7.9. The 
study site was located on a 15% slope with a southeast aspect. In 1998 the trees on the 
site were thinned from a mean of 500 to 133 trees ha'^ The residual logging debris was 
used to establish research plots with six soil surface treatments that were 2 x 2 m in size 
and replicated 8 times. Each research plot was fenced with 1-m high livestock fence.
The treatments were;
a. Whole logging debris hand piled 1 m high and 2 m in diameter (P)
b. Treatment (a) that was bumed (E)
c. Treatment (a) that was chipped with a mechanical flail (C)
d. Treatment (a) that was chipped and bumed (D)
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e. Scattered debris followed with a broadcast bum (B)
f. Control -  no debris and not bumed (X)
Two non-permanent perpendicular transects per plot were used to determine mean 
organic debris and ash thickness for each treatment Five measurements were taken per 
transect at 30 cm intervals every June and September. A ruler was used to measure the 
thickness of the debris and ash on the mineral soil surface for the bum and chip 
treatments. The center height of each debris pile was measured for the pile treatments.
Soil moisture was measured by extracting soil samples with a cylindrical soil 
probe 2 X 60 cm in dimension. Three soil samples per plot were taken from a depth of 
0 -  5 cm along an uphill transect separated by 20 cm. One soil sample was taken at the 
center of each plot at a depth of 20 -  30 cm. Soil bulk density, at the same depths, was 
also measured with the same cylindrical probe. Each sample was transported in a sealed 
specimen cup to the soil lab at the School of Forestry, U of M where gravimetric analysis 
was performed. Following the procedure in Gardner (1986), samples were dried for 24 
hours at 105° C to determine water content. Water release curves were established using 
a Decagon WP4 dew point PotentiaMeter. Water was added to seventy oven-dry soil 
samples from the bum and debris treatments to achieve a water content between 1 and 
10%. Water potential was then measured and correlated with the equivalent percent 
moisture to create water release curves for the bum and debris treatments at 0 -  5 cm and 
20 -  30 cm depths. Water release curves were used to calculate plant available water in g 
cm'^. The soil samples were also sieved to determine coarse fragment (> 2 mm) content.
The effects of woody debris ashes on soil water holding capacity were examined 
using soil from the study site. Ponderosa pine ash was sieved with a 2 mm sieve and
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added to 9 oven-dry soil samples in 1,2 and 10 gram increments. The soil and ash 
samples were thoroughly mixed and water was added to achieve 21% content by weight. 
Soil water potential was measured three times for each sample.
Soil surface temperatures were measured during the 2001 growing season on each 
plot using a Rayorger ST 800 (Raytech corp.) infrared thermometer. Measurements were 
made at a distance of 1 m from the soil surface that resulted in an average temperature 
reading for a 3 cm diameter circle. Three measurements were made per plot once a 
month from June through August at 06:00,12:00 and 18:00 hours.
Unbumed organic debris decomposition was measured by monitoring 
representative samples of debris from each plot. Following the procedure used by White 
et al. (1988) and Prescott et al. (1993), representative debris was placed inside 1 mm^ 
mesh nylon bags 60 x 60 cm in dimension and placed back on each plot. Two bags per 
plot were laid on top of the soil surface in the chipped treatments. For the debris pile 
treatment one bag per plot was laid on the soil surface beneath the pile and one within the 
pile matrix. In June and October of each year of the study, soil bags were collected, dried 
and weighed to assess decay rates and returned to their respective treatments. 
Decomposition was determined to be the percent change in dry weight over the three- 
year study period. K values were determined from the equation: X/X^ = e'*'* where Xo = 
initial dry mass and X = mass at time t (years) (Olsen 1963).
A repeated measures nested ANOVA was used to test hypotheses at a = 0.05. 
Regression analysis was used to develop correlations between litter and ash thickness and 
soil moisture. Logistic regression was used to assess the frequency of plant available soil 
water (> -1 .5 MPa of tension). The Bonferroni multiple comparison test was used to test
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for significant differences among the treatments. Litter and ash thickness was analyzed 
using the Kruskall-Wallis non-parametric test, as the data did not meet ANOVA 
normality and homogeneity of variance assumptions. When necessary, dependent 
variables were log transformed to meet homogeneity of variance and normality 
assumptions of ANOVA analyses. Cook’s distance and Bonferroni adjustment 
procedures were also used to remove outliers in extreme cases. All statistics were 
performed using SPSS V. 11.0.
Results
Organic debris and ash thickness. Applications of residual organic debris and fire 
generated ash resulted in a mean three year debris and ash thickness difference among the 
treatments at p = 0.0001 (Table 1.2; Figures 1.1 and 1.2). The pile treatments were 
composed of loosely stacked branches and stems averaging 5 cm x 30 cm with maximum 
sizes of 13 cm in diameter x 150 cm in length with large air spaces. Debris piles covered 
100% of the soil surface. The height of the piles ranged from 45 cm to 75 cm and slowly 
decreased during the three-year study. The pile with bum treatments consumed almost 
all of the organic debris, compared to the other bum treatments. Unconsumed organic 
debris on the pile with bum treatment covered approximately 18-26%  of the soil surface 
and was on average 0.9 cm thick. Initial ash thickness on the pile with bum treatment 
was 0.34 cm and did not diminish by the end of the study (Figure 1.3).
The chip treatments were made up of a matrix of chipped stems, branches, bark 
and pine needles averaging 4 cm x 10 cm with maximum sizes of 8 cm in diameter x 75
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cm long. Organic debris on the chip treatments covered 98% of the mineral soil surface 
and was on average 10 cm thick. Unconsumed organic debris on the chip with bum 
treatment covered approximately 20% - 36% of the soil surface and was on average 1.2 
cm thick. Initial ash thickness on the chip with bum treatment was 0.67 cm falling to a 
mean of 0.57 cm by the end of the study (Figure 1.3). The broadcast bum treatment did 
not bum as completely compared to the chip with bum treatment. Unconsumed organic 
debris on the broadcast bum treatment covered approximately 30 - 40% of the soil 
surface and was on average 1.1 cm thick. Initial ash thickness on the broadcast bum 
treatment was 0.63 cm falling to a mean of 0.3 cm by the end of the study (Figure 1.3). 
The control treatment was made up of bare mineral soil and highly scattered litter that 
covered approximately 30 -  40% of the soil surface and was on average 1.3 cm thick.
Debris bag measurements showed no significant change in dry mass over time 
resulting in no significant difference among the pile and chip treatments.
Soil surface temperature. Mean daily soil surface temperature, measured from the 
control plots, was 20.4° C in June, 34.0° C in July and 32.0° C in August with a total 
growing season mean of 29.0° C (Table 1.4). Minimum mean daily soil surface 
temperatures, measured from the control plots were 6.7, I I .1 and 12.9° C for June, July 
and August respectively. Maximum mean diurnal soil surface temperatures, measured 
from the control plots, were 36.5, 56.0 and 51.1° C in June, July and August respectively.
Mean soil surface temperatures among the woody debris and broadcast bum 
treatments (Tables 1.3,1.4 and figure 1.4) differed significantly (P < 0.05) from the 
control treatment. In June 2003, the broadcast burn treatment and chip treatment mean
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midday temperatures were 5.8 and 5.2° C lower than the control. Also in June, mean 
daily soil surface temperatures on the pile treatment were 5.3° C lower than the control. 
Only the chip and pile treatment soil surface temperatures differed from the control in 
July and August. In July, mean daily soil surface temperatures on the chip treatment 
were 4.9° C lower than the control and in August they were 1.6° C lower during morning 
hours. In July mean midday soil surface temperatures on the pile treatment were 21.9° C 
lower than the control. In August the pile treatment had a mean of 1.4° C lower soil 
surface temperatures, compared to the control, during morning hours and a mean of 10.1° 
C lower temperatures at midday.
Soil water availability. Soil moisture release curves measured in the laboratory were not 
significantly influenced (p > 0.05) by the debris and bum treatments at the 0 -  5 cm and 
the 20 -  30 cm strata (Figure 1.5,1.6). Maximum soil water holding capacity was 
measured as the amount of water held at a tension of -0.03 MPa. For field site soils, 1 
cm  ̂of soil at the 0 -  5 cm depth held a maximum of 0.53 g of water and at the 20 -  30 
cm depth 1 cm  ̂of soil held a maximum of 0.73 g of water. Soil water content at -1.5 
Mpa of tension, considered the point where soil water is no longer available for plant use, 
was 0.12 go f water cm'^ of soil at the 0 -  5 cm depth and 0.13 g of water cm‘̂  of soil at 
the 20 -  30 cm depth. Plant available water was measured as the difference between 
grams of water per cm  ̂of soil at wilting point and field capacity.
SoU water at the 0 - 5  cm depth. Soil moisture was mostly derived from short 
duration rainfall events that averaged 1.2 mm per event. Woody debris treatments 
resulted in significantly greater plant soil water availability than the control or bum
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treatments. In general, soil moisture between the chip and pile treatments did not 
significantly differ from each other. Soil water availability among the bum treatments 
was not significantly (p > 0.05) different from the control (Figure 1.7, Table 1.5, 
Appendix A). In June 1999 the mean plant available water volume on the woody debris 
treatments was 5 times higher than the control, in July there was no difference and in 
August plant available water was 3 times higher than the control. The 2000 growing 
season was extremely dry during which summer precipitation was 37% less than the 
previous year. Only the chip and pile treatments maintained plant available moisture in 
the 0 -  5 cm depth throughout most of the 2000 growing season. In June and July the 
woody debris treatments averaged 0.04 g of plant available water per cm  ̂of soil while 
the control and bum treatments had 0 g cm'^. In August of 2000, the control and bum 
treatments had a mean plant water availability of 0.02 g cm'^, slightly above wilting point 
(-1.5 MPa) while the chip and pile treatments averaged 4 times that amount. The year 
2001 was wetter than the previous two years receiving 19% more moisture than the year 
1999 and 90% more precipitation than the year 2000. Even with the added rain, the bum 
treatments did not have significantly more plant available soil moisture than the control.
In June, woody debris treatments averaged 12 times more plant available soil moisture 
than the bumed and control treatments. In July, the woody debris treatments maintained 
4 times the plant available soil moisture than the control and bumed treatments. In 
August, the woody debris treatments had 11 times more plant available soil moisture.
Even though there were no differences in mean plant available moisture between 
the bum treatments and the control, the broadcast bum treatment was significantly above 
wilting point during June 2001 while the other bum treatments including the control were
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not. The chip with bum treatment was significantly above wilting point in August 2001 
while the other bum treatments and the control were not.
Soil water availability at the 20 -  30 cm depth. Neither the woody debris nor 
the bum treatments showed significant differences in available plant water compared to 
the control during this study (Figure 1.8, Table 1.6, Appendix A). Soil water among the 
treatments remained above wilting point except during the spring of 2000 and 2001.
Ash and soil water holding capacity. Woody debris ashes significantly 
influenced soil water holding capacity (Figure 1.9). Soil water holding capacity 
increased significantly for soils that had incorporated ash. A regression model showed 
that soil water holding capacity (-0.03 Mpa of tension) increased by 6% for the soil that 
contained 14% ash.
Discussion
In this study, the application of woody debris and prescribed fire had significant 
effects on surface soil water volume and no measurable effect on deeper soil water 
volume. The woody debris treatments resulted in significant increases in soil water and 
decreases in soil surface temperatures.
Rainfall at the study site occurred as infrequent light showers during the growing 
season. This may affect the actual rainfall that reaches the soil surface beneath surface 
litter (Weaver and Rowland 1952; Walsh and Voight 1977; Sala and Lauenroth 1983). 
Weaver and Rowland (1952) found that up to one third of a daily rainfall might be 
retained by litter and evaporated prior to reaching the soil surface. Walsh and Voight
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(1977) found that during light rains litter retained up to 25% of the rainfall, but this is 
somewhat dependent upon the type of litter and distribution matrix of the Utter. In this 
study, infrequent light rains may not have produced enough water to significantly affect 
the soil water volume in the 20 -  30 cm zone.
Bum treatments did not have measurable effects on soil moisture. Mallik et al. 
(1984) suggested that the presence of ash within the soil decreases water infiltration rates 
by plugging soil pores on the soil surface. Other studies show no difference in water 
infiltration rates between bumed and unbumed plots (Veihmeyer and Johnston 1944; 
Burgy and Scott 1952; Sharrow and Wright 1977). Mallik et al. (1984) also suggested 
that ash can increase soil water holding capacity by decreasing pore size diameter within 
the soil profile. The addition of ash to soils might improve soil water holding capacity as 
a result of increased soil surface area. The small amount of rain received at the study site 
may not have been enough to percolate into the soil profile. Across the study site the 
three-year average soil water volume was 0.15 g of water per cm  ̂of soil at a water 
potential of -0.9 MPa. At this soil water volume and water potential a 1.2 mm rainfall 
event would be held in the upper 8 mm of soil. If the upper soil horizon was at a water 
potential o f-1 .5 MPa, a 1.2 mm rainfall event would be absorbed by the upper 2 mim of 
soil. Generally summer rainfall occurred in the aftemoon hours when soils are dry, 
which creates conditions in which all of the rain is likely retained in the first centimeter 
of soil. Bumed soil surfaces showed high daily temperatures, which may contribute to 
surface water evaporation.
In this study, the water release curves at both depths were not different between 
the bumed and debris treatments suggesting that the addition of ash did not increase soil
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water holding capacity. Ash was highly variable across the bum treatments; as a result it 
is difficult to tell whether or not an appreciable amount of ash was present in the small 
samples used to create the water release curves. Therefore, it is difficult to tell whether 
or not ash increased soil water holding capacity of the bum treatments.
In this study, ash thickness was not significantly correlated with soil moisture 
(figure 1.10,1.11). The thickness of ash on the soil surface may not be an important 
influence on soil moisture. This may indicate that altered soil surface temperatures, due 
to a blackened soil surface, were more influential than the effects of ash on potential 
water holding capacity. Ash thickness was highly variable on the soil surface, which may 
have created too much variability to show any other effect. Yet, laboratory examinations 
on the influence of ash on soil water holding capacity suggest that ash can increase soil 
water holding capacity. A regression model of ash and soil water (Figure 1.9) suggests 
that incorporating 14% ash into the soil can increase water-holding capacity by 20 liters 
per cubic meter of soil. A 14% ash content is equivalent to an ash thickness of around 
2.5 centimeters on the soil surface.
The application of unbumed woody debris positively influences soil water volume 
in the 0 -  5 cm zone (Figure 1.12). Debris thickness has a positive impact on soil water, 
but it appears that woody debris thicker than 10 cm does not further increase soil water 
and may limit water from reaching the soil surface. Although applications of woody 
debris contribute to surface soil water volume, woody debris does not contribute to soil 
water volume in the 20 -  30 cm zone (Figure 1.13). Tree roots, rock and lateral water 
movements may have had more of an effect on soil water in the 20 -  30 cm zone than 
surface woody debris.
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Lower soil surface temperatures on the woody debris treatments likely resulted in 
higher relative humidity at the soil surface. A model indicating how relative humidity 
might respond to treatments (Figure 1.14) was created using the lowest mean monthly air 
temperature, from 40 years of data near the study site, to calculate actual vapor pressures. 
Soil surface temperatures were used to calculate the saturation vapor pressure. The 
relative humidity was then calculated as hr = a) where Ca is the actual vapor 
pressure and is the saturation vapor pressure. The model showed that relative 
humidity was significantly higher on the woody debris treatments, which coincided with 
lower soil surface temperatures (Figure 1.4). Lower soil surface temperatures and higher 
relative humidity on the woody debris treatments could have affected evaporative water 
loss from the soil surface.
Some studies suggest that soil surface topographic heterogeneity may contribute 
to decreased evaporative water loss and increased safe sites (Smith and Capelle 1992; 
Hamrick and Lee 1987; Harper 1977). In this study we found that the broadcast bum and 
chip with bum treatments significantly increased the likelihood (frequency) of finding 
plant available water in the soil surface compared to the control (p < 0.05, Table 1.7, 
Figure 1.15). Over the three-year period, the broadcast bum and the chip with bum 
treatments on average increased the frequency of plant available water in the soil surface 
by 12 and 5 times respectively. The woody debris treatments increased the frequency of 
plant available moisture in the soil surface over 4 x 10̂ ® times. Unbumed and charred 
organic debris, scattered charcoal and ash could have created a more heterogeneous soil 
surface on the broadcast bum and chip with bum treatments compared to the control. 
Hermann and Chilcote (1965) also found that soil moisture was greater on bumed verses
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unbumed sites. The authors suggest that burning creates a heterogeneous soil surface in 
which moisture is retained in crevices and around particles left behind or created by fire. 
This may explain why the frequency of plant available moisture was much higher on the 
bumed treatments even though no differences were found in mean plant available soil 
moisture.
Partially decayed organic matter (humus) can also increase soil moisture by 
increasing the surface area of the soil. The study site was dry and hot during the 
summers and below freezing during the winters. These kinds of conditions are not 
conducive for decomposition of woody debris. This may explain why significant 
decomposition was not detected in the three years of this study. Olsen (1963) created a 
model of decomposition rates. Using this model and the decay rates (k values) found in 
similar study areas (Erickson et al. 1985; Klemmedson et al. 1985; Yavitt and Fahey 
•1986; Stohlgren 1988) it would take -30 - 40 years to reach 95% mass loss on the study 
site.
Sharrow and Wright (1977) suggest that increased transpiration by rapidly 
growing plants contributed to decreased soil moisture on bumed plots. The bum 
treatments, including the control, had much higher vegetative cover than the debris 
treatments, which may have contributed to soil water loss (Law and Kolb, unpublished 
data). Transpiration rates may explain why months with high precipitation often had 
relatively low soil moisture (Figures 1.7 and 1.8). Increased rain probably led to higher 
transpiration rates because more stomata would have been open for longer periods of 
time. Alternatively, during low precipitation months, soil moisture was often relatively 
high. This may be a result of decreased transpiration due to drought like conditions.
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Conclusion
The results of this study suggest that logging debris and fire can be used to 
improve plant growth potential on dry sites with well-drained soils by increasing soil 
water holding capacity, decreasing surface evaporation and increasing the frequency of 
plant water availability in the soil. The soil surface debris associated with these 
treatments likely increased soil water volume by increasing water retention from 
precipitation events and reducing evaporative water loss. Mean soil water volume on 
bumed treatments may not adequately describe plant available soil moisture whereas the 
frequency of plant available water may be a better measure of improved conditions for 
plant germination and survival. The effects of ash on soil may not be detectable by 
conventional means unless at least 14% ash by weight is incorporated into the soil.
Ashes generated from prescribed burning had less measurable impacts. Although 
laboratory tests showed a significant increase in soil water holding capacity, it is probable 
that not enough ashes were generated in the field to make detectable changes. Prescribed 
bums might have positive impacts for soil water retention if it is a management practice 
pursued every decade.
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Figure 1.1. Mean woody debris and ash thickness among all of
the treatments on the Hilger Hereford ranch near Helena 
Montana. The error bars represent on standard error.
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Figure 1.2. Mean three-year ash thickness among the bumed treatments on the Hilger, 
Hereford ranch near Helena Montana. The error bars represent one 
standard error.
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Figure 1.3. The change in ash thickness from 1999 to the 2001 among the bumed 
treatments on the Hilger, Hereford ranch near Helena, Montana. The 
error bars represent one standard error.
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Figure 1.4. Mean soil surface temperature by treatment, month and hour for the 2001 
growing season on the Hilger Hereford ranch near Helena, Montana. The 
asterisks indicate a significant difference from the control.
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Figure 1.5. Soil water potential curve for the 0 -  5 cm depth. Wilting point is equivalent 
to 0.12 g of water cm'^ of soil. Field capacity is equivalent to 0.53 g of water 
cm'^ of soil.
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Figure 1.6. Soil water potential curve for the 20 -  30 cm depth. Wilting point is
equivalent to 0.13 g of water cm'^ of soil. Field capacity is equivalent to 
0.73 g of water cm'^ of soil.
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Figure 1.7. 0 - 5  cm soil water volume by each treatment on the Hilger Hereford ranch 
near Helena, Montana. The error bars represent one standard error.
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Figure 1.8. 20 -  30 cm soil water volume by each treatment on the Hilger Hereford ranch near 
Helena, Montana. The error bars represent one standard error.
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Figure 1.9. A regression model showing the relationship between ash content and 
soil water holding capacity. No significant change in water holding 
capacity occurs until the soil has a 14% ash content.
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Figure 1.10. Relationship between mean ash thickness and mean soil moisture at the 
0 -  5 cm soil depth on the Hilger Hereford ranch near Helena, Montana. 
The error bars represents one standard error.
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Figure 1.11. Relationship between mean ash thickness and mean soil moisture at the 
20 -  30 cm soil depth on the Hilger Hereford ranch near Helena, 
Montana. The error bars represents one standard error.
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Figure 1.12. Relationship between mean debris thickness and mean soil moisture at the 
0 - 5  cm soil depth on the Hilger Hereford ranch near Helena, Montana. 
The error bars represents one standard error.
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Figure 1.13. Relationship between mean debris thickness and mean soil moisture at the 
20 -  30 cm soil depth on the Hilger Hereford ranch near Helena, Montana. 
The error bars represent one standard error.
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Figure 1.14. Modeled relative humidity at the soil surfece of each treatment on the Hilger 
Hereford ranch. The asterisks indicate significant differences from the control.
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Figure 1.15. The frequency of soil water (ip > -1.5 Mpa) for each treatment. The
frequency was determined using logistic regression and represents the 
maximum likelihood of obtaining a soil sample from the 0 -  5 cm 
depth that contains some amount of plant available soil moisture on the 
Hilger Hereford ranch near Helena, Montana.
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Table 1.1. General soil properties at and around the study site north of Helena, Montana 
(Montagne et al. 1982).
Geology Parent Material Classification Texture
Ab Belt Series Alluvium Argiborolls Gravelly silt loam
Atgonkian rocks Sandstone Haplargids
Igneous rock Torriorthents
Coarse fragments Ph Depth to C horizon Horizons
25% 7.6-7.9 20 - 40 cm A2, 81, C
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Table 1.2. Kruskal-Wallis non-parametric test on ash and organic debris thickness 
by treatment, season and year.
DEBRIS TREATMENT SEASON* YEAR
Chi-Square 1016.263 10.857 101.056
Of 4 1 2
Asymp. Sig. 0.0001 0.001 0.0001
ASH
Chi-Square 60.3244 12.9030 10.9006
Df 8 8 8
Asymp. Sig. 0.0001 0.1152 0.2074
*Spring and Fall
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Table 1.3. ANOVA table of soil surface temperature among the treatmens on the Hilger 
Hereford ranch near Helena, Montana.
Dependent Variable: Temperature (Logip)
Source Type 111 SS df MS F Sig.
Intercept Hypothesis 2200.8500 1 2200.850 94459.2799 0.0001
Error 0.1637 7.0273 0.0233
Treatment Hypothesis 1.0659 5 0.2132 62.6811 0.0001
Error 3.8465 1131 0.0034
Replicate Hypothesis 0.1650 7 0.0236 12.7509 0.0001
Error 0.0260 14.0465 0.0018
Location(Replicate) Hypothesis 0.0259 14 0.0018 0.5431 0.9083
Error 3.8465 1131 0.0034
Treatment X Location Hypothesis 0.0326 10 0.0033 0.9598 0.4770
Error 3.8465 1131 0.0034
Month(Location) Hypothesis 0.0176 4 0.0044 1.2974 0.2691
Error 3.8465 1131 0.0034
Treatment X Month Hypothesis 0.1532 10 0.0153 4.5055 0.0001
Error 3.8465 1131 0.0034
Hour(Month) Hypothesis 0.5608 4 0.1402 41.2225 0.0001
Error 3.8465 1131 0.0034
Treatment X Hour Hypothesis 0.7011 10 0.0701 20.6161 0.0001
Error 3.8465 1131 0.0034
Treatment X Month X Hour Hypothesis 0.2214 20 0.0111 3.2544 0.0001
Error 3.8465 1131 0.0034
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Table 1.4. Temperature results by m onth and time of day for the treatments on
Treatment Month Hour Mean Minimum Maximum Std. Deviation N
Chip June 6 6.6 5.4 8.2 0.7 24
12 27.8* 20.4 44.0 6.5 24
18 20.2 17.7 23.0 1.4 24
July 6 10.7* 8.3 13.3 1.4 24
12 47.1* 29.7 77.3 11.2 24
18 33* 24.8 43.3 5.1 24
August 6 11.7* 9.9 13.4 0.9 24
12 49.6 42.6 58.7 4.6 24
18 30.4 24.4 38.7 4.6 24
Pile June 6 6.2* 4.3 7.7 0.9 18
12 20* 13.1 27.3 4.0 18
18 19.2* 17.5 21.2 0.8 18
July 6 11.1 9.4 13.9 1.3 18
12 31.9* 20.3 49.5 7.2 18
18 34.9 27.4 44.6 5.5 18
August 6 11.9* 10.6 13.3 0.8 18
12 40.3* 27.2 55.3 8.7 18
18 33.2 28.4 43.1 3.9 18
Broadcast June 6 7.2 5.8 9.1 0.8 24
burn 12 27.2* 18.1 33.1 3.7 24
18 20.9 17.1 24.3 2.0 24
July 6 11.9 10.0 16.6 1.5 24
12 54.6 33.7 70.6 7.8 24
18 38.3 26.4 50.4 7.6 24
August 6 13.4 11.9 15.0 0.8 24
12 50.1 35.5 58.4 6.9 24
18 32.3 25.7 39.7 4.2 24
* Significantly different from the control
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Table 1.4 continued.
Treatment Month Hour Mean Minimum Maximum Std. Deviation N
Chip June 6 7.1 5.7 8.7 0.9 24
and 12 33.7 23.2 42.7 5.9 24
burn 18 21.9 19.1 24.2 1.2 24
July 8 12.0 10.1 14.9 1.3 24
12 52.3 35.7 67.8 8.1 24
18 39.8 29.2 50.7 6.4 24
August 6 13.3 12.3 14.6 0.7 24
12 53.7 43.9 66.1 6.0 24
18 29.8 25.9 38.0 3.7 24
Pile June 6 6.8 5.0 8.7 0.9 24
and 12 34.1 25.8 47.3 6.3 24
bum 18 21.8 19.4 26.6 1.8 24
July 6 12.2 9.5 15.8 1.7 24
12 54.8 47.2 68.9 4.4 24
18 41.0 30.7 50.9 7.0 24
August 6 13.6 12.5 15.4 0.7 24
12 50.8 45.6 57.4 3.3 24
18 32.6 28.4 38.6 2.9 24
Control June 6 7.0 5.4 7.8 0.5 24
12 33.0 22.9 46.4 6.7 24
18 21.2 18.7 24.9 1.3 24
July 6 11.9 9.9 15.4 1.2 24
12 53.8 42.8 63.4 5.5 24
18 39.9 27.5 52.3 8.1 24
August 6 13.3 12.4 14.6 0.5 24
12 50.4 29.6 58.6 7.2 24
18 31.8 26.8 39.4 4.1 24
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Table 1.5. ANOVA table of plant available water in the 0 -  5 cm depth among the 
treatments on the Hilger Hereford ranch near Helena, Montana.
Dependent Variable: Plant available water (log 10)
Source
Type III Sum 
of Squares df Mean Square F Sig.
Intercept Hypothesis .478 1 .478 196.007 .000
Error 1.717E-02 7.042 2.438E-03®
Treatment Hypothesis .185 5 3.706E-02 141.454 .000
Error .329 1255 2.620E-04'^
Replicate Hypothesis 1.750E-02 7 2.500E-03 11.876 .000
Error 2.950E-03 14,012 2.105E-04‘=
Locatlon{Replicate) Hypothesis 2.947E-03 14 2.105E-04 .803 .666
Error .329 1255 2.620E-04'=
Treatment * Hypothesis 6.035E-03 10 6.035E-04 2.304 .011
Location Error .329 1255 2.620E-04^
Year(Location) Hypothesis 3.953E-03 4 9.882E-04 3.772 .005
Error .329 1255 2.620E-04'’
Treatment * Year Hypothesis 3.162E-02 10 3.162E-03 12.071 .000
Error .329 1255 2.620E-04‘̂
Month(Year) Hypothesis 7.034E-02 4 1.759E-02 67.127 .000
Error .329 1255 2.620E-04*^
Treatment * Month Hypothesis 2.717E-02 15 1.81 IE-03 6.914 .000
Error .329 1255 2.620E-04‘>
Treatment * Year * Hypothesis 3.709E-02 20 1.855E-03 7.080 .000
Month Error .329 1255 2.620E-04‘’
a. .972 MS(Replicate) + 2.773E-02 MS(Error)
b. MS(Error)
c. 1.000 MS(Location(Replicate)) + 3.584E-04 MS(Error)
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Table 1.6. ANOVA table of plant available water in the 20 -  30 cm depth for the 
treatments on the Hilger Hereford ranch near Helena, Montana.
Dependent Variable: Plant available water (log 10)
Source
Type III Sum 
of Squares df Mean Square F Sig.
Intercept Hypothesis .357 1 .357 126.785 .000
Error 1.973E-02 7.001 2.818E-03®
Treatment Hypothesis 1.041E-02 5 2.083E-03 2.814 .016
Error .272 368 7.402E-04‘>
Replicate Hypothesis 1.975E-02 7 2.821 E-03 4.330 .009
Error 9.362E-03 14.368 6.516E-04‘=
Year(Replicate) Hypothesis 9.108E-03 14 6.506E-04 .879 .582
Error .272 368 7.402E-04*>
Treatment * Year Hypothesis 6.103E-03 10 6.103E-04 .825 .605
Error .272 368 7.402E-04'"
Month(Year) Hypothesis 7.051 E-02 4 1.763E-02 23.816 .000
Error .272 368 7.402E-04*=
Treatment * Hypothesis 4.026E-03 15 2.684E-04 .363 .987
Month Error .272 368 7.402E-04^
Treatment * Year Hypothesis 1.755E-02 20 8.777E-04 1.186 .263
* Month Error .272 368 7.402E-04‘>
i - 7.179E-03 MS(Error)
b- MS(Error)
c. .989 MS(Year(Repllcate)) + 1.134E-02 MS(Error)
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Table 1.7. Logistic regression results of plant available moisture among the treatments
B Std. Error df Sig. Exp(B)
Available water
0 intercept 1.4917 0.8806 1 0.0903
Chip -24.5199 0 1 <0.05 2.24x10'"
Pile -24.6095 0 1 <0.05 2.05x10'"
Broadcast bum -2.4878 0.7571 1 0.0010 0.0831
Chip with bum -1.5958 0.7144 1 0.0255 0.2028
Pile with burn -0.9628 0.7104 1 0.1754 0.3818
Control 0 0
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CHAPTER 2
The effects of logging debris treatments on seeded and natural grass germination
and survival
Summary. Soil surface conditions can have profound effects on plant seed germination 
and subsequent seedling survival. To test the hypothesis that different soil surface 
treatments with logging residue affect range grass seed germination and survival, six 
alternative forest residual treatments were established in the summer of 1998 following 
thinning of mature trees from approximately 500 to 133 trees ha'*. The treatments 
include: 1) whole logging debris hand piled; 2) whole logging debris piles that were 
burned; 3) whole logging debris piles that were chipped; 4) whole logging debris piles 
that were chipped and burned; 5) scattered debris followed with a broadcast bum and; 6) 
control -  no debris and not burned. The influence of debris treatments on grass 
germination and survival were tested by seeding with native and exotic grasses. Three 
plots per treatment were seeded with four native grass species and another three plots per 
treatment were seeded with four exotic grass species. Two plots per treatment were left 
unseeded as controls. Subsequent germination and growth were measured as grass cover, 
density, height and biomass for three growing seasons. Applications of woody debris 
hindered grass seedling germination and survival. Applications of woody debris 
followed with fire increased grass seed germination and seedling survival.
Key words: grass germination -  grass survival -  plant available water -  safe sites
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Introduction
Conifer encroachment on prairie and native range across the western United 
States is a significant concern to range managers. Conifer species that contribute towards 
this problem in Montana are ponderosa pine (Pinus ponderosa (Dougi.) Lawson), 
Douglas-fir {Pseudotsuga menziesii (Mirbel) Franco), limber pine (Pinus flexilis James), 
lodgepole pine (Pinus contorta Dough) and Rocky Mountain juniper (Juniperus 
scopulorum Sarg.) (Gruell et al. 1986). Ponderosa pine encroachment on drier sites and 
Douglas-fir on more mesic sites is especially dramatic and progressive in central 
Montana. Ponderosa pine has been measured to regenerate in dense swaths of seedlings 
with nearly 5,000 stems ha’̂  (D. J. Bakken personal communication). Conifer 
encroachment suppresses range forage productivity for grazing, increases fire risk, alters 
soil respiration, soil nitrogen transformation and may be responsible for depleting water 
balances across the landscape (Covington et al. 1994,1997; Covington and Moore 1994; 
Kaye and Hart 1998a, 1998b).
Ponderosa pine is a species that dominates the lower montane zone across westem 
north America from Mexico to Canada (Powells 1965) and is commonly found in 
associations with bunchgrasses such as bluebunch wheatgrass (Pseudoroegneria spicata 
(Pursh) Love subsp. Spicata Barkworth and Dewey 1985) and Idaho fescue (Festuca 
idahoensis). Historically, these forest/range ecotones experienced frequent surface fires 
that helped maintain this vegetation zone as a savannah forest with well-developed 
bunchgrass understories (Gruell et al. 1986; Amo 1996; Bolen 1998). Similarly, Amo 
and Grael (1986) concluded that fire retum intervals of 20 to 30 years maintained open
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
48
savanna grasslands and limited conifers to rocky or moist sites on the eastern border of 
the continental divide, Galena Valley, westem Montana. Historical records indicate that 
low elevation pre-settlement stands were dominated by mature ponderosa pines with 
clear boles and open understories (Leiberg 1899, 1900) that were frequented by 
understory fires (Brown et al. 1994). Fire suppression efforts of the past 100 years have 
decreased understory fire frequency leading to significant changes in plant community 
stmcture (Strang and Parminter 1980; Amo and Gruel 1986; Swetnam 1993) and 
accumulated understory fuels (Steele et al. 1986; Barrett 1988). Conifer encroachment is 
hypothesized to be one of the results of fire suppression. Domestic grazing, logging, 
mining, land cultivation and climatic variation may also have contributed to the changes 
in forest stmcture and density (Parminter 1978; Amo and Graell 1986; Habeck 1994).
Reducing conifer densities by thinning appears to be a viable method for land 
managers. On the other hand, thinning costs are high, thinning creates a lot of debris and 
there is no guarantee that thinning will eliminate future encroachment. Altematively, 
debris from thinning is often viewed as a means of nutrient recycling and improving site 
productivity (Harvey et al. 1987). Law and Kolb (unpublished data) suggest that woody 
debris and a combination of woody debris and fire have the potential to increase plant 
available soil moisture. Soil moisture plays a key role in the distribution of plant species 
on drier forest and range sites. Competition for soil moisture may be an important 
ecological process for maintaining open savanna ecosystems.
Interspecific competition has been found to play a key role in the natural 
distributions of species (Caldwell et al. 1985; Metcalfe et al. 1986; Ellison 1987; 
Eissenstat and Caldwell 1988; Bertness 1991 a, b; Pennings and Callaway 1992). In
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semiarid and arid ecosystems of the westem United States competition for soil moisture 
can influence plant community composition (Fonteyn and Mahall 1981; Robberecht et al. 
1983; Allen and Allen 1986). Numerous studies have shown that fibrous roots of grasses 
are better competitors for soil moisture than woody root systems. Soil water extraction 
beneath desert wheatgrass {Agropyron desertorum Linn.) caused 55% mortality of 
Wyoming sagebmsh {Artemisia tridentata ssp. wyomingensis (Beetle and Young)) 
seedlings in the Great Basin in late May (Eissenstat and Caldwell 1988). In another 
study, 60% of antelope bitterbmsh (Purshia tridentata Pursh.) seedlings died in a seeded 
crested wheatgrass {Agropyron cristatum (L.) Gaertn.) community (Hubbard 1957). 
Competition for soil moisture between established bunchgrass communities and conifer 
seedlings can greatly reduce conifer seedling survival (Griffin 1982; Vance and Running 
1985; Kolb and Robberecht 1996). Ponderosa pine seedlings growing in a bluebunch 
wheatgrass community exhibited nearly 100% mortality in the first four months of 
growth where as the exclusion of bluebunch wheatgrass roots from a 0.15-m and 0.30-m 
deep root zone decreased pine seedling mortality by 40 and 80% respectively (Kolb and 
Robberecht 1996). Ponderosa pine, sugar pine {Pinus lambertiana Dougl.) and Coulter 
pine {Pinus coulteris D. Don) seedling survival was negatively affected by ryegrass 
{Lolium multiflorum Lam.) seeding following the Marble-Cone fire, in central Califomia 
(Griffin 1982). Although ponderosa pine root growth can extend below competitors roots 
(Kolb and Robberecht 1996) and is quite rapid compared with other conifers 
(Daubenmire 1968), available soil moisture may be depleted by other vegetation before 
ponderosa pine roots can grow deep enough. Interspecific competition between mature
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bunchgrass and ponderosa pine seedlings may be integral in maintaining a more open 
savanna ecosystem where historic fire regimes have been altered.
The effects of woody debris and fire on soil characteristics may have a positive 
impact on grass germination and survival. High rates of grass survival on arid sites may 
lead to mature grasslands that can competitively exclude ponderosa pine seedlings fî om 
establishment. Yet, little is known about the impacts of woody debris and or fire on grass 
germination and survival.
Seedbed characteristics such as temperature (Koller 1972) and moisture (Roller 
1972; Raynal and Bazzaz 1973; Lauenroth et al. 1994) as well as light penetration (Koller 
1972; King 1975) are important determinants for seed germination and can be affected by 
the presence of litter (Sydes and Grime 1981; Fowler 1986; Williams et al. 1990; Facelli 
and Pickett 1991). The imbibition of water is a major controlling factor of germination 
(Raynal and Bazzaz 1973; Hopkins 1999). Litter decreases soil surface temperature and 
likewise increases the soil surface resistance to evaporation (Gupta et al. 1984; Facelli 
and Pickett 1991). Litter moderates the soil surface temperature by absorbing solar 
radiation during the day and reducing long wave emittance at night (Evans and Young 
1970). In both grasslands and old fields the presence of litter on the soil surface can 
increase soil water content by decreasing evaporation, increasing infiltration and 
decreasing run-off (Larson and Whitman 1942; Dyksterhuis and Schmutz 1947; Weaver 
and Rowland 1952; Blevins et al. 1971; Gupta et al. 1984; Phillips and Phillips 1984). 
Litter removal decreased mixed prairie productivity where water may have been the main 
limiting resource (Willms et al. 1986). Evans and Young (1970) noted that medusahead 
(Taeniathemm asperum (Sim.) Nevski) emergence was 47 times greater under litter than
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on bare soil at Stead, Nevada, which may be due to 15° C cooler maximum soil surface 
temperature beneath litter compared to bare soil.
The effects of fire may also alter seedbed quality. Water infiltration, water 
repellency and porosity of the mineral soil surface have been shown to be altered by fire 
(Wells et al. 1979; Mallik et al. 1984). Fire consumes soil surface litter and vegetation 
exposing bare mineral soil to solar radiation, rain and wind (Sharrow and Wright 1977; 
Mallik et al. 1984; Mallik et al. 1988; Herr et al. 1999). Ash covered soil has a lower 
albedo than bare mineral soil, which can cause an increase in the soil surface temperature 
and effect soil water relations (Mallik et al. 1988; Herr et al. 1999). Altematively, other 
studies have shown that blackened soil and the addition of ash to the soil surface does not 
have a significant effect on soil temperature or soil moisture (Sharrow and Wright 1997).
Increased temperatures on fire-blackened seedbeds may lengthen the growing 
season, increase nutrient cycling and increase plant productivity (Curtis and Partch 1950; 
Chapin et al. 1979). Ash deposition has been found to stimulate nitrification in forest 
soils partially due to the addition of alkaline salts such as calcium (Hesselman 1918; 
Fowells and Stephenson 1934). Increased temperatures associated with blackened soil 
have also been found to enhance bacteria growth, which in turn produced nitrate ions for 
plant uptake (Sharrow and Wright 1977; Wells et al. 1979; Woodmansee and Wallach 
1981). Fire effects have been found to increase inorganic N in ponderosa pine forest soils 
(Kovacic et al. 1986; Covington and Sackett 1992; Monleon et al 1997, DeLuca and 
Zouhar 2000). Removal of soil surface debris through burning or mechanical means 
increased soil surface temperatures by 1 - 5° C near Junction City, Kansas (Hulbert 1969)
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and significantly increased big bluestem {Andropogon geraidii Vitman) production in 
Madison, Wisconsin (Weaver and Rowland 1952).
Shifting species composition and forest structure from dense coniferous stands to 
grassy savannah ecosystems can produce significant amounts of woody debris. Unlike 
herbaceous litter, little is known about the effects of woody debris on grass germination 
and survival. Increased soil moisture and altered temperatures resulting from woody 
debris treatments may increase grass germination and survival. The objectives of this 
study were to (1) test the effects of alternate forest debris treatments on grass germination 
and (2) monitor the survival of seedlings across debris treatments. The hypotheses were 
that forest debris treatments (1) can increase grass germination and (2) can increase grass 
seedling survival.
Methods
The study site was 30 kilometers north of Helena, Montana on the Hilger 
Hereford Ranch, Lewis and Clark County, at 46.825° N latitude and 112.225° W 
longitude. The mean elevation was 1463 m, there are an average of 110- 115 frost-free 
days and the mean annual temperature is 5 °C with summer maximum temperatures 
averaging 22 °C and minimum winter temperatures averaging -6  °C. Mean annual 
precipitation is normally between 254 - 305 mm and mostly occurs from April until June. 
Weather data was provided from the weather station at Holter Dam, which was near the 
study site (Westem Regional Climate Center). Soils were shallow (20-40 cm) Entisols 
from the Ab Belt Series Algonkian rocks. The soil texture was a gravelly silt loam with 
25% coarse fragments. Soil Ph on the study site ranges from 7.6 to 7.9. The study site 
was located on a 15% slope with a southeast aspect. In 1998 the trees on the site were
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thinned from a mean of 500 to 133 trees ha'^ The residual logging debris was used to 
establish research plots with six soil surface treatments that were 2 x 2 m in size and 
replicated 8 times. Each research plot was fenced with 1-m high livestock fence. The 
treatments were:
a. Whole logging debris hand piled 1 m high and 2 m in diameter (P)
b. Treatment (a) that was burned (E)
c. Treatment (a) that was chipped with a mechanical flail (C)
d. Treatment (a) that was chipped and burned (D)
e. Scattered debris followed with a broadcast bum (B)
f. Control -  no debris and not burned (X)
Eight commonly used dry land range grass species were seeded on the soil surface 
treatments in December 1998. Three plots per treatment were seeded with a native grass 
mix which contained: 36% bluebunch wheatgrass {Pseudoroegneria spicata var secar 
(Pursh) Scribn. & Smith) at 374 seeds m‘̂ , 32% mountain brome (Bromus magrinatus 
Nees ex Steud.) at 168 seeds m'^, 17% sheep fescue {Festuca ovina L.) at 857 seeds m'^ 
and 15% slender wheatgrass {Elymus trachycaulus (Link) Gould ex Shinners) at 177 
seeds m‘̂ . Another three plots per treatment were seeded with an exotic mixture which 
contained: 35% intermediate wheatgrass {Thinopyrum intermedium (Host) Barkworth & 
D. R. Dewey) at 228 seeds m'^, 30% nordar crested wheatgrass {Agropyron desertorum 
(Fisch. Ex Link) Schult.) at 389 seeds m'^, 25% pubescent wheatgrass {Agropyron 
pubescens Elmer) at 185 seeds m’̂  and 10% Russian wildrye {Psathyrostachys junceus 
(Fisch.) Nevski) at 130 seeds m' .̂ Two plots per treatment were left unseeded as 
controls. Grass germination and establishment was monitored monthly during the 1999, 
2000 and 2001 growing seasons. Grass cover was measured via Daubenmire’s (1959) 
cover class method using four % mx Va m wire frames within each plot; grass culm
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density and height were also measured in each frame. At the end of each growing season, 
annual above ground dry biomass was measured by clipping and weighing the above 
ground biomass of all the grass species in each frame as described by Bonham (1989).
A repeated measures nested ANOVA was used to test the hypotheses at alpha = 
0.05. The Bonferroni multiple comparison test was used to separate the means. When 
necessary dependent variables were log transformed to meet homogeneity of variance 
and normality assumptions of ANOVA analysis. When normality and homogeneity of 
variance assumptions were not met, the Rruskal-Wallis non-parametric test was used to 
identify significance. Bonferroni adjustment procedures and Cook’s distance were used 
to remove outliers in extreme cases. All statistics were performed using SPSS V. 11.0.
Results
Vegetative cover. Understory vegetative cover, measured from the control plots, was 
made up of forbs, grasses and moss (Figure 2.1). Forb cover was 9%, grass cover was 
19% and moss cover was 16%. Bare ground was approximately 30%, litter cover was 
25% and rock cover was 42% on the control plots. Post treatment burning and woody 
debris applications eliminated moss cover on all the seeded and non-seeded treatments 
for the duration of the study. Post treatment forb cover on the pile treatment was below 
the control for the duration of the study on the non-seeded and native seeded plots. Post 
treatment forb cover on the pile treatment seeded with the exotic mix was not different 
from the control two and three years post bum. Post treatment forb cover on the chip 
treatment was continually less than the contol for the non-seeded and native seeded plots
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but not different from the plots seeded with the exotic mix one-year post treatment. Forb 
cover on the bum treatments was significantly less than the control for the non-seeded 
plots until three years post bum. Altematively forb cover on the bum treatments seeded 
with the exotic mix was not different from the control for the duration of the study.
When seeded with the native mix, forb cover on the bum treatments was not different 
from the control two and three years post bum.
Grass germination. Grass seed was broadcast in December 1998. Germination was 
measured in the spring of 1999. Increases in grass seedling density were used to 
determine germination. Only the chip, broadcast bum and chip with bum treatments had 
significantly higher grass seedling densities than the control (Figure 2.2, Table 2.1). In 
June 1999, the broadcast bum treatment, seeded with the native grass mix, had 19 times 
more grass seedlings than the control. In July the same treatment had 9 times more grass 
seedlings than the control. The chip with bum treatment, seeded with the native grass 
mix, had five times more grass seedlings than the control in June 1999 and in July it had 
12 times more grass seedlings. No significant differences were found among the 
treatments seeded with the exotic grass mix until September 1999 when the chip 
treatment had seven times more grass seedlings than the control.
Grass Density. None of the treatments resulted in mature grass density greater than the 
control for the duration of the study (Figure 2.3, Table 2.2). Nevertheless, the bum 
treatments seeded with the exotic grass mix had mean grass densities equal to the control 
two years post-bum and those seeded with the native grass mix had mean grass densities
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equal to the control three years post-bum. Mean grass density on the woody debris 
treatments was significantly below the control for the duration of the study.
Although collective grass density was not significant among the bum treatments 
and the control, individual species densities were significantly greater among the 
treatments compared to the control (Appendix B). Intermediate wheatgrass was the first 
exotic species detected on the bum treatments with a mean of 12.58, 65.92 and 70.25 
grass culms m'^ on the broadcast bum, chip with bum and pile with bum treatments 
respectively in 1999. Intermediate wheatgrass density continued to increase in the year 
2000 with a mean of 51.11, 80.44 and 77.89 grass culms m'^ on the broadcast bum, chip 
with bum and pile with bum treatments respectively. Although no difference was 
detected in 1999, crested wheatgrass and pubescent wheatgrass density was significantly 
greater on the bum treatments in the year 2000. The broadcast bum treatment had a 
mean of 10.22 and 6.67 and the chip with bum and pile with bum treatments had a mean 
of 22.62 and 24.17 crested wheatgrass and pubescent wheatgrass culms m'^ respectively. 
In 2001, intermediate wheatgrass density was significant with 45.11 culms m'^ on the 
broadcast bum and 87.89 on both the chip with bum and pile with bum treatments. Also, 
in 2001 mean crested wheatgrass density increased to 90 culms m'^ among the bum 
treatments. Mean pubescent wheatgrass density was 35.67 culms m'^ on the broadcast 
bum treatment and 7.44 culms m'^ on the pile with bum treatment. Intermediate 
wheatgrass was the only species to have significantly higher culm densities on the woody 
debris treatments. In 1999 intermediate wheatgrass had a mean of 2.75 culms tn^ on the 
pile treatment but it was not significant in 2000 or 2001. Intermediate wheatgrass culm 
density did not become significant on the chip treatment until 2001 with 9.44 culms m*̂ .
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The bum treatments seeded with the native grass mix also had significantly 
greater density for individual species compared to the control (Appendix B). Mountain 
brome was the first native species detected with a mean of 55.23 more grass culms m'^ on 
the chip with bum treatment compared to the control in 1999. In the year 2000, mountain 
brome density was 67.72 culms m'^ on the broadcast bum and chip with bum treatments 
and 38.33 culms m'^ on the pile with bum treatment. Bluebunch wheatgrass and slender 
wheatgrass density was also significantly greater than the control in the year 2000 with a 
mean of 38.33 and 13.0 more grass culms m'^ on the chip with bum treatment. In 2001 
mean mountain brome density was 81.44 culms m'^ on the broadcast bum treatment and 
30.61 culms m'^ on the chip with bum and pile with bum treatments. Also in the year 
2001, mean bluebunch wheatgrass density was 45.89, 79 and 81 more grass culms on 
the broadcast bum, chip with bum and pile with bum treatments respectively compared to 
the control. Mean slender wheatgrass density was 31.67, 56.22 and 21 culms m'^ on the 
broadcast bum, chip with bum and pile with bum treatments respectively in 2001.
Grass Height. Grasses heights were generally tallest on the pile treatment with an 
annual mean of 31.62 cm, intermediate on the burn and chip treatments at 23.94 and 19.3 
cm and shortest on the control at 14.56 cm. Most of the grasses among the treatments 
were less than 20 cm tall in 1999. In the year 2000, most of the grasses remained short 
on the chip and control treatments. Altematively, there began to be a much more even 
distribution of grass heights on the pile and bum treatments. Finally in 2001, there was a 
higher abundance of tall grasses on the pile treatment whereas most of the grass on the
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chip treatment and control remained short. Grass heights on the bum treatments were the 
most evenly distributed in 2001 (Figures 2.4,2.5,2.6).
At the individual species level, there were significant increases in grass height 
growth among the treatments (Appendix B). Intermediate wheatgrass was the only exotic 
species to have significant height growth on the chip treatment with a mean height of 38 
cm in 2001 and no significant height growth in 1999 or 2000. Altematively, all of the 
seeded exotic species exhibited significant height growth on the pile treatment. 
Intermediate wheatgrass was on average 15.0,22.0 and 58.5 cm taller than the control in 
1999,2000 and 2001 respectively. It wasn’t until the year 2000 that pubescent 
wheatgrass had significant height growth on the pile treatment with a mean of 28 cm tall 
but this trend did not eontinue in 2001. Similarly, it wasn’t until 2001 that crested 
wheatgrass exhibited significant height growth on the pile treatment with a mean of 41 
cm tall; no significant height growth occurred in 1999 or 2000. Among the bum 
treatments intermediate wheatgrass was on average 7,43 and 54 cm taller than the 
control in 1999, 2000 and 2001 respectively. Crested wheatgrass and pubescent 
wheatgrass were on average 32 and 66 cm tall in 2000 respectively and 38 and 72 cm tall 
in 2001 respectively among the bum treatments.
Bluebunch wheatgrass was the only species from the native mix that showed 
greater height growth on the woody debris treatments (Appendix B). In 1999, bluebunch 
wheatgrass was on average 26 cm taller on the pile treatment compared to the control. In 
the year 2000, bluebunch wheatgrass was on average 50 and 21 cm taller on the pile and 
chip treatments respectively compared to the control.
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None of the grasses in the native mix responded in height growth on the bum 
treatments in 1999 (Appendix B). In 2000, bluebunch wheatgrass was, on average, 7 cm 
taller on the chip with bum and pile with bum treatments compared to the control. Also 
in the year 2000, mountain brome was on average 34 cm tall among the bum treatments 
and slender wheatgrass was on average 33 cm tall on the chip with bum and pile with 
bum treatments. In 2001, bluebunch wheatgrass was on average 9 cm taller on the 
broadcast bum and chip with bum treatments compared to the control. Also in the year 
2001, mountain brome was on average 36.38 cm tall and slender wheatgrass was on 
average 39.0 cm tall among the bum treatments.
Grass cover. Seeding the bum treatments significantly increased grass cover over the 
non-seeded treatments (Figure 2.7, Table 2.3). In 1999 grass cover among the bum 
treatments was significantly less than the control. Two summers post-bum, the chip with 
bum treatment, seeded with the exotic grass mix, had 14% more grass cover than the 
control. Also in the year 2000, the broadcast bum and pile with bum treatments, seeded 
with the exotic grass mix, had grass cover levels equal to that of the control. The bum 
treatments, seeded with the native grass mix were not significantly different from the 
control in the year 2000. Three summers post-bum, the bum treatments seeded with the 
exotic grass mix had on average 22% more grass cover than the control. Also in the year 
2001, the broadcast bum and the chip with bum treatments, seeded with the native grass 
mix, had a mean of 24% more grass cover than the control while the pile with bum 
treatment was not different from the control. Grass cover on the woody debris treatments 
was significantly less than the control for the duration of the study.
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Individual grass species responded differently to each of the treatments with 
respect to percent cover (Appendix B). On the bum treatments seeded with the exotic 
grass mix, intermediate wheatgrass was the first detected with a mean of 6.15% more 
cover on the chip with bum and pile with bum treatments compared to the control in 
1999. Two summers post-bum intermediate wheatgrass had a mean of 5.56,13.26 and 
15.56% more cover on the broadcast bum, chip with bum and pile with bum treatments 
respectively compared to the control. Crested wheatgrass and pubescent wheatgrass 
responded positively two summers post-bum. Crested wheatgrass had a mean of 2.22% 
more cover among the bum treatments compared to the control in 2000. Pubescent 
wheatgrass had a mean of 5% more cover on the chip with bum and pile with bum 
treatments compared to the control in 2000. Three summers post-bum intermediate 
wheatgrass had a mean of 9.58% more cover on the broadcast bum treatment and a mean 
of 21% more cover on the chip with bum and pile with bum treatments compared to the 
control. Also in the year 2001 crested wheatgrass had a mean of 12.64% more cover 
among the bum treatments compared to the control. Pubescent wheatgrass had a mean of 
9.31,6.39 and 2.78% grass cover on the broadcast bum, chip with bum and pile with 
bum treatments respectively in 2001.
On the bum treatments that were seeded with the native grass mix, mountain 
brome was the first detected with a mean of 2.24 and 7.03% more cover on the broadcast 
bum and chip with bum treatments compared to the control in 1999 (Appendix B). Two 
summers post-bum mountain brome had a mean of 11% more cover on the broadcast 
bum and chip with bum treatments and 7.5% more cover on the pile with bum treatment 
compared to the control. Also in the year 2000, bluebunch wheatgrass had a mean of
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2.78% more cover on the chip with bum and pile with bum treatments compared to the 
control. Slender wheatgrass also responded positively in the year 2000. On the chip with 
bum treatment slender wheatgrass had a mean of 1.32% more cover than the control. By 
the year 2003, mountain brome had a mean of 15.76, 8.19 and 4.10% more cover on the 
broadcast bum, chip with bum and pile with bum treatments respectively compared to the 
control. In that same year, bluebunch wheatgrass had a mean of 5.21,10.28 and 7.64% 
more cover on the broadcast bum, chip with bum and pile with bum treatments compared 
to the control. Slender wheatgrass had a mean of 5.07% more cover on the broadcast 
bum and pile with bum treatments and 8.26% more cover on the chip with bum treatment 
compared to the control in 2001.
Grass biomass. Above ground grass production was significantly enhanced on the bum 
treatments, but remained at or below the control on the woody debris treatments for the 
duration of the study (Figure 2.8, Table 2.4). Three summers post-bum grass biomass 
was 6 times higher on the non-seeded broadcast bum treatment compared to the control. 
Mean grass biomass on the non-seeded chip with bum and pile with bum treatments was 
significantly less than the control in 1999 and 2000 but was not different in 2001.
Grass production on the bum treatments seeded with the exotic grass mix was 
significantly lower than the control in 1999. Two summers post-bum above ground 
production on the chip with bum treatment was 5 times higher than the control and not 
significantly different from the control on the broadcast bum, and pile with bum 
treatments. Three summers post-bum, grass biomass was four and three times greater 
than the control on the broadcast bum, and chip with bum treatments respectively. Grass
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production on the pile with bum treatment seeded with the exotic mix was not 
significantly different from the control in 2001.
Grass production on the bum treatments seeded with the native grass mix was 
significantly less than the control in 1999. In 2000, grass biomass among the bum 
treatments was not significantly different from the control. In 2001 above ground grass 
production was 11 and seven times higher than the control on the broadcast bum and chip 
with bum treatments respectively, whereas the biomass on the pile with bum treatment 
was the same as the control.
Individual grass biomass responded significantly to some or all of the treatments 
(Figure 2.9, Appendix B). Intermediate wheatgrass was the only planted exotic grass that 
produced more above ground biomass on the chip treatment compared to the control with 
a mean of 5.31 g m'^ in 2001. None of the exotic species had greater production on the 
pile treatment compared to the control for the duration of the study. No significant 
biomass production occurred on the broadcast bum treatment in 1999 for all of the 
planted exotic species. Alternatively, in 2000 and 2001 intermediate wheatgrass had a 
mean biomass of 24.45 g m'^ on the broadcast bum treatment whereas no measurable 
biomass was present on the control. Crested wheatgrass had a mean of 1.07 and 38.25 g 
m'^ in 2000 and 2001 on the broadcast bum treatment whereas the control had no 
measurable biomass. Pubescent wheatgrass had a mean of 5.23 and 53.30 g m‘̂  on the 
broadcast bum treatment in 2000 and 2001 whereas no measurable biomass occurred on 
the control. Intermediate wheatgrass production on the chip with bum treatment was 
significant in 1999 with 36 times more biomass compared to the control. Similarly in 
2000 and 2001 mean intermediate wheatgrass biomass was 46.03 g m'^ on the chip with
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bum treatment whereas no measurable biomass was present on the control. Crested 
wheatgrass production was significant in 2000 and 2001 on the chip with bum treatment 
with a mean of 5.80 and 29.0 g m'^ compared to no measurable biomass on the control. 
Similarly, pubescent wheatgrass was significant in 2000 and 2001 on the chip with bum 
treatment with a mean of 12.96 and 23.32 g m'^ whereas no measurable biomass occurred 
on the control. No significant biomass was present on the pile with bum treatment in 
1999 for all of the planted exotic species. Alternatively, in 2000 and 2001 mean 
intermediate wheatgrass production was 54.94 and 92.35 g m'^ compared to no 
measurable biomass on the control. Mean crested wheatgrass biomass on the pile with 
bum treatment was 3.85 and 19.88 g m'^ whereas no measurable biomass was present on 
the control. Pubescent wheatgrass biomass was not significant on the pile with bum 
treatment until 2001 with a mean of 13.07 g m'^ compared to no measurable biomass on 
the control.
None of the planted native grasses produced measurable biomass on the woody 
debris treatments for the duration of the study. None of the planted native species had 
measurable production on the broadcast bum treatment in 1999. Altematively, three 
summers post-bum bluebunch wheatgrass production was 12.89 times higher compared 
with the control. Similarly, in 2001 mean slender wheatgrass biomass was 31.68 g m'^ 
whereas no measurable biomass was on the control. Mean mountain brome biomass was 
28.24 g m'^ in 2000 and 2001 on the broadcast bum treatment whereas no measurable 
biomass was on the control. Mean bluebunch wheatgrass production was not significant 
on the chip with bum treatment until 2001 when it produced 15.38 times more above 
ground biomass than the control. Mean slender wheatgrass production was 16.74 and
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22,43 g m'^ in 2000 and 2001 on the chip with bum treatment compared to no measurable 
biomass on the control. Mountain brome production became significant on the chip with 
bum treatment in 1999 with a mean production 13.83 times higher than the control. In 
2000 and 2001 mean mountain brome biomass was 15.30 and 10.63 g m'^ on the chip 
with bum treatment compared to no measurable biomass on the control. As with the 
other treatments, bluebunch wheatgrass production was not measurable on the pile with 
bum treatment until 2001 when it produced 18.76 times more above ground biomass than 
the control. Mean slender wheatgrass production was only measurable on the pile with 
bum treatment in 2000 with a mean of 5.21 g m'  ̂compared to no measurable production 
on the control. Mountain brome production was not measurable on the pile with bum 
treatment until 2001 with a mean of 4.83 g m'^ compared to no measurable production on 
the control.
Discussion
The different treatments provided a wide variety of seedbed surfaces. Subtle 
differences in microrelief and ground cover of these surfaces likely created a mosaic of 
microsites that provide different temperature and moisture regimes that can significantly 
affect grass seed germination and seedling survival (Harper et al. 1965; Hermann and 
Chilcote 1965; Harper 1977). The frequency of microsites that provide the conditions 
required for seed to germinate can largely affect differences in species prevalence 
(Harper et al. 1965; Gmbb 1977; Harper 1977; Grime 1979; Hamrick and Lee 1987).
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Generally most germination at the study site occurred in June and August with 
some variation among the treatments (Figure 2.2). All of the grass species used in this 
study were cool season grasses that germinate best at temperatures near 16.4° C (Baskin 
and Baskin 1998). Mean daily air temperatures at the study site are near 16.4° C June 
through September. Altematively, mean maximum soil surface temperatures on all of the 
treatments exceed 54° C in July and 50° C in August (Law and Kolb unpublished data). 
Rainfall at the study site was highest in June and August. Relatively higher rainfall in 
June and August likely enhanced germination among the treatments in spite of high soil 
surface temperatures in August. On the other hand, the broadcast bum and chip with 
bum treatments seeded with the native mix exhibited significant germination in July 
when rainfall was relatively low and mean maximum soil surface temperatures were 
57.85° C suggesting the presence of microsites. Furthermore, the mean soil water volume 
in July was above the wilting point on the broadcast bum and chip with bum treatments 
and was below the wilting point on the control (Law and Kolb unpublished data) further 
suggesting the presence of microsites. Similarly, grass seedlings were present on the chip 
treatment in September when the mean soil water volume was above the wilting point. 
The mean soil water volume on the bum and control treatments was below the wilting 
point in September (Law and Kolb unpublished data).
Germination success on the broadcast bum and chip with bum treatments 
indicates that there may have been a greater frequency of microsites that had ideal 
conditions for seed germination. Hermann and Chilcote (1965) suggest that soil moisture 
is retained for a longer period of time near the bottom of charcoal particles and in the 
crevices of heavy textured soil. Smith and Capelle (1992) suggest that crevices formed
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where clods or rocks interface with the soil surface create microsites where moisture is 
retained providing seedling roots an opportunity to become established. Charcoal, 
unconsumed litter and small rocks were present on the broadcast bum and chip with bum 
treatments (Law and Kolb unpublished data), which had significantly higher grass 
germination compared to the control.
Broadcast burning or burning chipped or piled woody debris increased grass 
seedling survival compared to the control. Soil moisture is usually the limiting factor for 
survival on semiarid sites such as in this study. Webb et al. (1978) and Lauenroth (1979) 
suggest a linear relationship between annual rainfall and aboveground productivity of 
grasslands. Dodd and Lauenroth (1979) found that the addition of water doubled net 
aboveground primary productivity in grasslands during most years. However, soil water 
volume on the bumed treatments was not measured to be significantly different from the 
control during the study (Law and Kolb unpublished data). Nevertheless, grass 
production on the bumed treatments was significantly greater than the control. A high 
leaf area represented by increased grass cover on the bumed treatments, likely resulted in 
high transpiration rates leading to soil water loss (McNaughton et al. 1982). The bumed 
treatments did not have significantly less soil water volume compared to the control, 
which suggests that any significant increase in soil water volume associated with burning 
was lost via transpiration. Increased soil water on the broadcast bum treatment may also 
be indicated by relatively high cover percentages of mountain brome. Mountain brome is 
the least drought tolerant of the planted species (Stubbendieck et al. 1992). Mountain 
brome grows most abundantly in moderately moist well-developed, deep, medium 
textured soils while many of the other wheatgrasses such as crested wheatgrass.
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bluebunch wheatgrass, intermediate wheatgrass and slender wheatgrass grow most 
abundantly in dry soils or are at least tolerant of dry conditions (Stubbendieck et al.
1992). Mountain brome had significantly higher cover, density and biomass on the 
broadcast bum treatment compared with the other bum treatments suggesting more 
abundant soil moisture. Altematively, the more drought tolerant crested wheatgrass 
performed well on all of the bum treatments (Appendix B). Perhaps the most drought 
tolerant grass found on the site was bluegramma (Bouteloua gracilis (H.B.K.) Lag. ex 
Steud.), a C4 species that grows most abundantly on dry sandy or gravelly soils 
(Stubbendieck et al. 1992). Bluegramma was only present on the pile with bum 
treatment (Appendix B) suggesting lower soil water volume on the pile with bum 
treatment compared to the other bum treatments.
Increased inorganic nitrogen associated with burning ponderosa pine forests 
(Kovacic et al. 1986; Covington and Sackett 1992; Monleon et al. 1997; DeLuca and 
Zouhar 2000) may also have enhanced grass growth and survival on the bum treatments 
compared to the control. Dodd and Lauenroth (1979) found that the addition of nitrogen 
in combination with water increased grassland productivity eight times control levels 
while the addition of nitrogen alone had only a slight effect.
Litter has been known to inhibit or deter germination of plant species ranging 
from forest herbs to conifers (Pomeroy 1949; Hamrick and Lee 1987; Bloom et al. 1990; 
Williams et al. 1990; Smith and Capelle 1992; Peterson and Facelli 1992; Myster 1994; 
Seiwa 1997) which may be attributed to allelopathy (McPherson and Thompson 1972; 
May and Ash 1990), decreased infiltration (Smith and Capelle 1991) or by preventing 
seeds and roots from reaching the soil surface (Gmbb 1977; Fowler 1986). Other studies
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indicate that germination was enhanced or at least not inhibited by litter (Barrett 1931; 
Beatty and Sholes 1988; Feldman et al. 1994). It is difficult to tell whether or not the 
woody debris treatments in this study inhibited grass seed germination due to the fact that 
seeds were impossible to find and monitor within and beneath the matrix of woody debris 
in the pile and chip treatments. Reduced light, springtime soil surface temperatures and 
mechanical impedance likely associated with the woody debris treatments may have 
inhibited grass germination and tillering (Mitchelle 1953; Langer 1963; Laude 1972; 
Willms et al. 1986; Baskin and Baskin 1998; Law and Kolb unpublished data).
Although, litter may be helpful to grass germination by preventing grass seed from 
blowing away in the wind (Baskin and Baskin 1998) and decreasing predation 
(Glendening 1942) it also prevents seeds from reaching the mineral soil surface by 
suspending them within the litter matrix (Koroleff 1954; Grubb 1977; Fowler 1986; 
Hamrick and Lee 1987) where seeds are subjected to desiccation, and pathogens (Baskin 
and Baskin 1998). Reduced light conditions associated with surface litter (Willms et al. 
1986) may also have influenced germination success. Many of the species used in this 
study, such as mountain brome, slender wheatgrass and bluebunch wheatgrass, germinate 
at high percentages under a soil crust (Plumer 1943). Soil moisture may have been more 
conducive to germination beneath the soil crust making it difficult to tell whether or not 
reduced light conditions influenced germination success (Baskin and Baskin 1998).
Lower light conditions and temperatures associated with litter (Willms et al. 1986) may 
negatively affect tiller production (Mitchelle 1953; Langer 1963; Laude 1972). Willms et 
al. (1986) suggests that removing litter results in shorter plants, which is likely caused by 
more light, warmer temperatures and lower soil moisture. Our data suggests that height
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growth was greater and grass density was less on the woody debris treatments compared 
to the control for many of the planted species. This may have been a result of a 
combination of shading, lower temperatures and higher soil moisture in the surface 
horizon on the woody debris treatments (Law and Kolb unpublished data).
Woody debris may provide some microsites for grass germination suggested by 
the relatively high grass seedling density on the chip treatment in September 1999. 
However, woody debris appears to be detrimental to the subsequent survival of grass 
seedlings as was suggested by low grass density, cover and biomass on the woody debris 
treatments for the duration of the study.
Our results suggest that the bumed treatments were better seedbeds for 
germination and survival. It also appears that certain species had more affinity for one or 
more of the bumed seedbeds. Among the exotic species, intermediate wheatgrass had 
significantly higher cover, density and biomass on the chip with bum and pile with bum 
treatments compared to the broadcast bum treatment. Altematively, pubescent 
wheatgrass cover, density and biomass was not significantly different among the bumed 
treatments. Among the planted native species, bluebunch wheatgrass did not show a 
significant difference in survival among the bumed treatments. Altematively, slender 
wheatgrass cover and density was significantly greater on the chip with bum treatment 
compared to the other bum treatments. Slender wheatgrass biomass was also greater on 
the chip with bum treatment compared to the pile with bum treatment.
Although it appears that some species exhibited better survival on a particular 
bumed seedbed, it is difficult to differentiate seedbed effects Jfrom other factors that can 
play a role in determining survival. Harper (1977) wrote that those plants that: (1)
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establish before their neighbors, (2) are well separated from neighbors and (3) have weak 
neighbors will have high growth rates. Fowler (1986) suggested that the timing of 
germination rather than microsite affinity was an important factor determining 
coexistence of certain prairie grasses. Rabinowitz (1978) suggested that grass seed 
weight is positively correlated with biomass abundance. Our data suggests that the 
timing of germination may or may not have been an important factor in the grasses used. 
There were two distinct pulses of germination on the study site, which occurred in June 
and August. There was also high germination in June on the broadcast bum treatment 
and high germination in July on the chip with bum treatment. There was also significant 
germination on the chip treatment in September. It is highly possible that germination of 
different species coincided with these pulses influencing survival. On the other hand, 
crested wheatgrass was not detected until the year 2000 but by the end of the study it did 
not have significantly less biomass on any of the bum treatments compared to 
intermediate wheatgrass even though intermediate wheatgrass was first detected in the 
year 1999. Seed weight may have played a role in successful germination and survival. 
But, we only found a significant positive correlation between seed weight and mean 
annual biomass for the broadcast bum treatment (Figure 2.10). We did not find 
significant correlations between seed abundance and mean annual biomass. We also did 
not find significant negative correlations among the species for density or cover 
suggesting that grasses were not competing with each other for survival (Appendix B). 
Inter- and intraspecific competition and timing undoubtedly play a role in successful 
germination and establishment in semiarid sites, but it appears that the seedbed plays an
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overriding role in successful seedling survival in the young grass communities that we 
studied.
Conclusion
Thinning ponderosa pine encroachment followed by applications of woody debris 
that is bumed provided better seedbeds than when debris was not bumed. Although 
unbumed woody debris conserved more soil moisture at the surface relative to bumed 
treatments, it hinders grass germination and survival during the first three years post 
treatment. Buming woody debris appears to enhance grass germination and survival. 
This is likely a result of increased frequency of microsites with plant available water on 
the bumed treatments relative to the control. Among other possible factors associated 
with buming could be increased nitrogen.
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Figure 2.1. Mean annual percent cover by dominant lifeform one two and three years 
post treatment on the Hilger Hereford ranch, central Montana.
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Figure 2.2. Mean grass seedling density m'^ for 1999 on the Hilger Hereford ranch in central 
Montana. The error bars represent one standard
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Figure 2.3. Grass culm number m'^ one, two and three years post treatment on the Hilger 
Hereford ranch in central Montana. The error bars represent one standard 
error.
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Figure 2.4. Percent frequency distribution of grass heights for the woody debris treatments 
on the Hilger Hereford ranch in central Montana.
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Figure 2.5. Percent frequency distribution of grass heights for the broadcast bum and chip 
with bum treatments on the Hilger Hereford ranch in central Montana.
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Figure 2.6. Percent frequency distribution of grass heights for the pile with bum and control 
Treatments on the Hilger Hereford ranch in central Montana.
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Figure 2.7. Mean annual percent cover, one, two and three years post treatment 
in central Montana. The error bars represent one standard error.
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Figure 2.8. Mean annual grass biomass g m' one, two and three years post treatment in 
central Montana. The error bars represent one standard error.
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Figure 2.9. Mean annual grass biomass (g m'^) by individual species one, two and 
three years post treatment in central Montana. The error bars represent 
one standard error.
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Figure 2.10. Relationship between seed weight and mean annual biomass for the seeded 
treatments on the Hilger Hereford ranch in central Montana.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
90
Table 2.1. ANOVA table for grass seedling density among the treatments on the Hilger 
Hereford ranch in central Montana.
Dependent Variable: Seedling Density (log1Q)
Source
Type III Sum 
of Squares df Mean Square F Sig.
Intercept Hypothesis 87.394 1 87.394 4.257 .147
Error 52.246 2.545 20.528®
Treatment Hypothesis 11.999 5 2.400 2.980 .074
Error 7.196 8.938 .805^
Seedmix Hypothesis 31.210 2 15.605 21.728 .000
Error 7.183 10.002 .718°
Treatment * Hypothesis 7.183 10 .718 2.868 .002
Seedmix Error 161.284 644 .250“
Replicate Hypothesis 14.457 7 2.065 8.331 .000
Error 10.656 42.984 .248®
Quadrat(Repticat) Hypothesis 5.183 21 .247 .986 .479
Error 161.284 644 .250“
Treatment * Hypothesis 3.210 15 .214 .855 .616
Quadrat Error 161.284 644 .250“
Month(Quadrat) Hypothesis .527 9 5.850E-02 .234 .990
Error 161.284 644 .250“
Treatment * Hypothesis 8.735 15 .582 2.325 .003
Month Error 161.284 644 .250“
b- 1.186 MS(Treatment * Seedmix) - .186 MS(Error)
c. 1.000 MS(Treatment * Seedmix) + 2.507E-04 MS(Error)
d. MS(Error)
e. .700 MS(Quadrat(Replicat)) + .300 MS(Error)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
91
Table 2.2. ANOVA table for total grass density among the treatments on the Hilger 
Hereford ranch in central Montana.
Source
Type 111 Sum 
of Squares df Mean Square F Sig.
Intercept Hypothesis 1526.252 1 1526.252 32.700 .004
Error 198.846 4.260 46.674®
Treatment Hypothesis 275.323 5 55.065 7.353 .004
Error 74.452 9.941 7.489*’
Seeding Hypothesis 53.423 2 26.712 3.882 .057
Error 68.818 10.000 6.881°
Ttreatment * Hypothesis 68.861 10 6.886 28.317 .000
Seeding Error 417.299 1716 .243*̂
Replicate Hypothesis 85.741 7 12.249 25.194 .000
Error 14.127 29.059 .486®
Quadrat(Replicat) Hypothesis 12.396 21 .590 2.427 .000
Error 417.299 1716 .243'*
Treatment* Hypothesis 12.558 15 .837 3.443 .000
Quadrat Error 417.299 1716 .243'*
Year(Quadrat) Hypothesis 1.963 6 .327 1.346 .233
Error 417.299 1716 .243'*
Treatment * Year Hypothesis 62.120 10 6.212 25.545 .000
Error 417.299 1716 .243'*
Month(Year) Hypothesis 7.706 4 1.926 7.922 .000
Error 417.299 1716 .243'*
Treatment* Hypothesis 3.906 15 .260 1.071 .379
Month Error 417.299 1716 .243'*
Treatment * year * Hypothesis 5.314 20 .266 1.093 .350
nfionth Error 417.299 1716 .243'*
a. 1.152 MS(Seeding) + 1.327 MS(Replicate) - 1.479 MS(Error)
b. 1.091 MS(Treatment * Seeding) - 9.078E-02 MS(Error)
c. .999 WlS(Treatment * Seeding) + 6.949E-04 MS(Error)
d. MS(Error)
e. .700 MS(Quadrat(Repiicate)) + .300 MS(Error)
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Table 2.3. ANOVA table for percent grass cover among the treatments on the Hilger 
Hereford ranch in central Montana.
Dependent Variable: Cover (logtO %)
Source
Type 111 Sum 
of Squares df Mean Square F Siq.
intercept Hypothesis 833.721 1 833.721 35.151 .004
Error 95.283 4.017 23.718®
Treatment Hypothesis 105.914 5 21.183 5.286 .013
Error 39.817 9.935 4.008'̂
Seeding Hypothesis 28.155 2 14.078 3.822 .058
Error 36.837 10.001 3.683''
Treatment * Hypothesis 36.859 10 3.686 25.743 .000
Seeding Error 245.699 1716 .143<̂
Replicate Hypothesis 40.662 7 5.809 31.918 .000
Error 6.540 35.937 .182®
Quadrat(Replicate) Hypothesis 4.171 21 .199 1.387 .113
Error 245.699 1716 .143'*
Treatment * Hypothesis 8.633 15 .576 4.019 .000
Quadrat Error 245.699 1716 .143'*
Year(Quadrat) Hypothesis 1.214 6 .202 1.413 .206
Error 245.699 1716 .143'*
Treatment * Year Hypothesis 42.421 10 4.242 29.628 .000
Error 245.699 1716 .143'*
Month(Year) Hypothesis 2.788 4 .697 4.868 .001
Error 245.699 1716 .143'*
Treatment * Month Hypothesis 2.791 15 .186 1.299 .194
Error 245.699 1716 .143'*
Treatment * Month Hypothesis 3.160 20 .158 1.104 .338
*Year Error 245.699 1716 .143'*
a- 1.152 MS(Seeding) + 1,327 MS(Replicate) -1.479 MS(Error) 
b- 1.091 MSfTreatment * Seeding) - 9.078E-02 MS(Error) 
c- .999 MS(Treatment * Seeding) + 6.949E-04 MS(Error) 
d. MS(Error)
®- .700 MS(Quadrat(Replicate)) + .300 MS(Error)
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Table 2.4. ANOVA table for plant biomass among the treatments on the Hilger Hereford 
ranch in central Montana.
Dependent Variable: Grass biomass (Iog10)
Source
Type III Sum 
of Squares df Mean Square F Sig.
Intercept Hypothesis 86.781 1 86.781 20.384 .013
Error 15.403 3.618 4.257®
Treatment Hypothesis 19.510 5 3.902 3.901 .034
Error 9.583 9.580 I.OOÔ ’
Seeding Hypothesis 5.304 2 2.652 3.078 .091
Error 8.618 10.002 .862=
Treatment * Hypothesis 8.622 10 .862 7.374 .000
Seeding Error 54.954 470 .117*̂
Replicate Hypothesis 7.064 7 1.009 9.937 .000
Error 4.916 48.404 .102®
Quadrat(Replicate) Hypothesis 1.994 21 9.497E-02 .812 .706
Error 54.954 470 .117*̂
Treatment * Hypothesis 2.829 15 .189 1.613 .067
Quadrat Error 54.954 470 .117<̂
Year(Quadrat) Hypothesis .102 6 1.696E-02 .145 .990
Error 54.954 470 .117'*
Treatment * Year Hypothesis 13.912 10 1.391 11.898 .000
Error 54.954 470 .117̂ *
a. 1.162 MS(Seeding) + 1.339 MS(Replicate) -1.501 MS(Error) 
b- 1.185 MS(Treatment * Seeding) - .185 MS(Error)
C- .999 MS(Treatment * Seeding) + 6.949E-04 MS(Error)
d. MS(Error)
e. .700 MS(Quadrat(Replicate)) + .300 MS(Error)
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Chapter 3 
The effects of thinning and residual debris on grass germination and survival
Summary. Thinning dense stands of young conifers and the application of the residual 
debris may have profound effects on the germination and establishment of graminoids. 
During the summer of 1998 three stands averaging 2,000 pole sized or smaller ponderosa 
pine trees ha'* were thiimed to 89,133 and 252 trees ha'*. The residual logging debris 
was chipped with a mechanical flail and spread uniformly across each of the three areas. 
One half of each of the treatments was seeded with eight commonly used dryland range 
grass species in December 1998. Grass germination and establishment was monitored 
monthly from June -  September, 1999 - 2001. Each of the treatments was surrounded by 
intact (unthinned) ponderosa pine encroachment, which was used as a control. Soil 
moisture at a depth of 20 -  30 cm was also monitored on each treatment and the control. 
Grass germination was not significantly different between the thinning treatments, but 
was significantly greater on the seeded portions of the treatments compared to the non­
seeded portions. Thinning conifer encroachment combined with grass seeding enhanced 
grass germination and survival. The chipped residual debris may also have enhanced 
grass germination and survival. Measured soil moisture was not significantly different 
among the treatments or the control.
Key words: Overstory thinning -  woody debris -  grass germination -  grass survival
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Introduction
Conifer encroachment across the westem United States is recognized as a 
significant problem. Over the past century, Montana grasslands have been invaded by 
ponderosa pine (Pinus ponderosa (Dougl.) Lawson), Douglas-fir (Pseudotsuga menziesii 
(Mirbel) Franco), limber pine {Pinus flexilis James), lodgepole pine (Pinus contorta 
Dougl.) and Rocky Mountain juniper (Juniperus scopulorum Sarg.) (Gruell et al. 1986). 
Encroachment of ponderosa pine on drier sites and Douglas-fir on more mesic sites is 
especially dramatic and progressive in central Montana. Dense stands of young conifers 
alter grassland structure and function, suppress range forage productivity for grazing, 
increase fire hazard, alter soil respiration, soil nitrogen transformation and may be 
responsible for depleting water balances across the landscape (Covington et al. 1994, 
1997; Covington and Moore 1994; Kaye and Hart 1998a, 1998b).
Thinning dense stands of young conifers may be a way to maintain understory 
grass and forb establishment. Conifer overstory removal by wildfire or mechanical 
means has been shown to affect grass and forb production in the interior mountain ranges 
of the Pacific Northwest (McConnel and Smith 1965, 1970; Young 1967; Amo 1996). 
Bedunah et al. (1988) noted that timber harvesting and stand improvement practices such 
as shelterwood cuts and tree thinnings increased understory plant production by 
increasing available light, water and mineral nutrients to understory plants. McConnel 
and Smith (1970) observed a 146-kg ha'* increase in grass yield as a result of an 18% 
reduction in ponderosa pine canopy cover in north-central Washington. The authors also 
noted a 10-kg ha'* increase in grass yield for each 0.3-m increase in ponderosa pine
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spacing. Similarly, Bedunah et al. (1988) noted that thinning to a 4 and 6-m spacing 
between tree stems increased forage availability five and seven times respectively three 
years post treatment compared to the control. The authors also suggested that reseeding 
with domestic grasses could fiirther increase the rate of grass re-growth and final 
biomass.
Shifting species composition and forest structure from highly competitive dense 
conifer stands to grassy open savannahs via thinning can produce significant amounts of 
woody debris. The effects of woody debris on seedbed characteristics may have a 
positive impact on grass germination and survival. High grass survival on arid sites may 
lead to mature grasslands that can competitively exclude ponderosa pine seedlings from 
establishment (Griffin 1982; Vance and Running 1985; Kolb and Robberecht 1996). Yet, 
little is known about the impacts of woody debris on grass germination and survival.
Seedbed characteristics such as temperature (Koller 1972) and moisture (Roller 
1972; Raynal and Bazzaz 1973; Lauenroth et al. 1994) as well as light penetration (Koller 
1972; King 1975) are important determinants for seed germination and can be affected by 
the presence of litter (Sydes and Grime 1981; Fowler 1986; Williams et al. 1990; Facelli 
and Pickett 1991). Imbibition of water is a major controlling factor of seed germination 
(Raynal and Bazzaz 1973; Hopkins 1999). Litter increases the soil surface resistance to 
evaporation (Gupta et al. 1984; Facelli and Pickett 1991). Litter also moderates soil 
surface temperature by absorbing solar radiation during the day and reducing long wave 
emittance at night (Evans and Young 1970). In both grasslands and old fields the 
presence of litter on the soil surface has been shown to increase soil water content by 
decreasing evaporation, increasing infiltration and decreasing run-off (Larson and
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Whitman 1942; Dyksterhuis and Schmutz 1947; Weaver and Rowland 1952; Blevins et 
al. 1971; Gupta et al. 1984; Phillips and Phillips 1984). Wilhns et al. (1986) discovered 
that litter removal decreased mixed prairie productivity where water was the main 
limiting resource. Evans and Young (1970) noted that medusahead (Taeniatherum 
asperum (Sim.) Nevski) emergence was 47 times greater under litter than on bare soil at 
Stead, Nevada, which may be due to a 15° C cooler maximum soil surface temperature 
beneath litter compared to bare soil.
Alternatively, litter has been shown to inhibit or deter germination and survival of 
plant species ranging from forest herbs to conifers (Pomeroy 1949; Hamrick and Lee 
1987; Bloom et al. 1990; Williams et al. 1990; Smith and Capelle 1992; Peterson and 
Facelli 1992; Myster 1994; Seiwa 1997). Litter has been shown to negatively affect 
germination and survival through allelopathy (McPherson and Thompson 1972; May and 
Ash 1990), decreased infiltration (Smith and Capelle 1991) or by preventing seeds and/or 
seedling roots from reaching the soil surface (Fowler 1986).
Although the effects of herbaceous litter on seed germination and survival are 
well documented in the literature, little is known about the effects of woody debris on 
seed germination and survival. The objectives of this study were to quantify the effects 
of overstory removal and subsequent woody debris on grass germination and survival.
The hypotheses were: (1) conifer overstory reduction will increase grass germination and 
survival. (2) Applications of chipped residual woody debris will increase soil water in 
turn facilitating grass germination and survival. (3) Seeding preferred grass species will 
increase the rate of grass recovery and productivity.
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Methods
The field study was located on the Sieben ranch approximately 30 kilometers 
north of Helena, Montana at an elevation of 1890 m. The study site receives 355 to 406 
mm annual precipitation and is located on a 1% slope with an east aspect. In the summer 
of 1998 the study site was divided into three 0.4 ha plots and thinned from 2000 trees ha'* 
to 89, 133 and 252 trees ha'*. The residual logging debris was chipped with a mechanical 
flail and spread uniformly across each of the plots. Intact (unthinned) ponderosa pine 
encroachment surrounded each of the plots, which was used as a control.
In December 1998 a native seed mixture and locally preferred exotic seed mixture 
were used to seed half of each of the plots at a rate of 34 kg ha'*. The control was not 
seeded. The native mixture contained 36% biuebunch wheatgrass {Pseudoroegneria 
spicata var. secar (Pursh) Scribn. & Smith) at 374 seeds m'^, 32% mountain brome 
(Bromus magrinatus Nees ex Steud..) at 168 seeds m'^, 17% sheep fescue {Festuca ovina 
L.) at 857 seeds m'^ and 15% slender wheatgrass (Elymus trachycaulus (Link) Gould ex 
Shinners) at 177 seeds m'^. The exotic mixture contained: 35% intermediate wheatgrass 
(Thinopyrum intermedium (Host) Barkworth & Dewey) at 228 seeds m'^, 30% nordar 
crested wheatgrass {Agropyron desertorum (Fisch. Ex Link) Schult.) at 389 seeds m'^, 
25% pubescent wheatgrass (Agropyron pubescens Elmer) at 185 seeds m'^ and 10% 
Russian wildrye (Psathyrostachys junceus (Fish.) Nevski) at 130 seeds m' .̂ Grass 
germination and establishment were monitored monthly during the 1999,2000 and 2001 
growing seasons as cover, density and above ground biomass. Grass cover was measured 
via Daubenmire’s (1959) cover class method using 12 \-xc? wire frames randomly placed 
within each plot; grass culm density was also measured in each frame. At the end of each
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growing season, annual dry mass productivity was measured by clipping and weighing 
the above ground biomass of all the grass species in each frame as described by Bonham 
(1989).
Mean residual debris weight was measured by using a leaf rake to rake all of the 
soil surface debris from three randomly located 1-m  ̂sample areas in each treatment in 
June and September of 1999,2000 and 2001. The debris was dried at 105° C for 24 
hours and weighed. After the dry weight was determined, the debris was returned to its 
respective sample area.
Soil water was measured by extracting soil samples from three random locations 
within each plot and the control at a depth of 20 -  30 cm each month from June until 
September, 1999 -  2001. A cylindrical soil probe 2 x 60 cm in dimension was used to 
extract the soil samples. Soil bulk density was also measured with the same cylindrical 
probe. Following the procedure in Gardner (1986), samples were dried for 24 hours at 
105° C to determine water content.
On August 30,2001 a total of ten transects were randomly placed within the 
treatments. Litter thickness and mineral soil surface temperature were measured at 10 
points separated by 1 -m along each transect. Litter thickness was measured with a ruler 
and then scraped away from the mineral soil surface for the temperature measurements.
A Rayorger ST 800 (Raytech corp.) infrared thermometer was used to measure the 
mineral soil surface temperature. Temperature measurements were made at a distance of 
25 cm from the mineral soil surface that resulted in an average temperature reading for a 
1 cm diameter circle. The temperature readings were performed at midday when the sky 
was sunny and the air was warm.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
100
A completely randomized block (thinning areas) analysis of variance was used to 
test the effects of seeding vs. not seeding at an alpha of 0.05. The thinned units were not 
replicated. However, the thinned units were large and the tree spacing was not uniform 
among the thinned units. Furthermore, each unit was divided into four equal sections, 
which were assumed to be replicates because of the unequal tree spacing. Therefore, 
even though the study was pseudo replicated, a one-factor analysis of variance was used 
to test the effects of thinning at an alpha of 0.05. The Bonferroni multiple comparison 
test was used to separate the means. Bonferroni adjustment procedures and Cook’s 
distance were used to remove outliers in extreme cases. Data that did not meet 
homogeneity of variance and normality assumptions of ANOVA analysis were log 
transformed. Regression analysis was used to assess the relationship between litter 
thickness and soil surface temperature. Cook’s distance was used to remove 9 outliers 
for the regression analysis. All of the statistical analyses were performed using SPSS 
version 11.0.
Results
The chipped logging debris was made up of ponderosa pine stems, branches, bark 
and needles. The debris had an average size of 4 cm x 10 cm with a maximum size of 8 
cm in diameter x 100 cm long. The chipped logging debris and other herbaceous debris 
covered approximately 80% of the soil surface, was on average 2.7 cm thick and had an 
average mass of 16,729 kg ha '\ The mean debris weight was not significantly different 
among the treatments and no measurable change in weight was detected from 1999 to 
2001. Organic debris on the control covered approximately 98% of the soil surface.
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Although grazing pressure was minimal, cattle grazed all of the treatments during the 
early spring and late summer. Elk (Cervus canadensis Erxleben.) and white tail deer 
{Odocoileus virginianus Zimmermann) also grazed the study area intermittently 
throughout the study period. Pretreatment understory canopy cover, measured from the 
control plots, was 4% shrubs, 11% forbs, 13% moss and 20% grass (Figure 3.1). Three 
years post thinning, shrub cover remained low with a mean of 5% among the treatments. 
Percent forb cover was 4, 5 and 9% on the 252,133 and 89 trees ha’* treatments 
respectively. Alternatively, moss cover decreased by a mean of 10% among the 
treatments, three years post thinning.
Grass germination. Most of the germination took place in 1999 and no significant 
germination occurred in the years 2000 and 2001. Grass seedling density was used to 
estimate germination. Grass seedling density was not significantly different among the 
treatments but was significantly higher on the seeded portions (Figure 3.2, Table 3.1). 
Mean 1999 grass seedling number per square meter was nearly 2 times higher on the 
seeded portions of the plots compared to the non-seeded portions.
Grass cover. Percent grass cover was significantly higher on the seeded portions of the 
plots compared to the non-seeded portions (Figure 3.3) irrespective of residual tree 
density or sampling date (Table 3.2). The mean three-year percent grass cover among the 
seeded portions of the plots was nearly 9% higher than the non-seeded portions.
Thinning and chipping without seeding did not increase percent grass cover over 
control levels until August 2000 when the 89 trees ha'* treatment had 16% more grass
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cover. Similarly, only the 89 trees ha*̂  treatment had higher grass cover in 2001 with a 
mean of 33% more grass cover in July and August. Alternatively, grass seeding 
combined with thinning and chipping further enhanced percent grass cover (Figure 3.4, 
Table 3.3). In September 1999 the 89 trees ha"' treatment had on average 52% more 
grass cover than the intact encroachment. In June 2000 the 133 trees ha'  ̂treatment had 
on average 34% more grass cover than the intact encroachment. In July 2000 the 133 and 
89 trees ha'* treatments had on average 46 and 29% more grass cover respectively than 
the intact encroachment. In August 2000 the 89 trees ha'* treatment had on average 19% 
more grass cover than the intact encroachment. In the year 2001 the 133 and 89 trees ha'* 
treatments had on average 37% more grass cover than the intact encroachment.
Although chipping the residual logging debris may have enhanced grass cover, 
residual tree density may be an overriding factor (Figure 3.4). There was a significant 
negative correlation between percent grass cover on the seeded portions of the treatments 
and residual tree density in 1999 and 2001 (Figure 3.5). There was no significant 
correlation between percent grass cover and residual tree density for the year 2000.
Grass Density. Grass culm number per square meter was significantly higher on the 
seeded portions of the plots (Figure 3.6) irrespective of residual tree density or sampling 
date (Table 3.4). The seeded portions of the plots had on average 57 more grass 
culms m'^ than the non-seeded portions of the plots.
Thinning and chipping without seeding significantly increased grass culm density 
on the 133 and 89 trees ha'* treatments with a mean of 96 more grass culms per square 
meter than the control in 2000 and 2001. Thinning, chipping and seeding further
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increased grass culm density (Figure 3.7, Table 3.5). In 1999 the 133 and 89 trees ha*' 
treatments had on average 81 more grass culms per square meter than the intact 
encroachment. Similarly in the year 2000 the 252,133 and 89 trees ha*' treatments had 
on average 79,116 and 161 more grass culms per square meter respectively than the 
intact encroachment. By the end of the study the treatments, in the same order, exhibited 
82,168 and 231 more grass culms per square meter than the intact encroachment.
Although the chipped logging debris may have enhanced grass density, residual 
tree density was likely an overriding factor (Figure 3.7). We found significant negative 
correlations between grass culm number and residual tree density for each year of the 
study (Figure 3.8).
Grass biomass. Extreme fire danger prevented access onto the plots in the fall of 2000. 
As a result, above ground grass biomass was only measured in 1999 and 2001. Grass 
biomass was significantly higher on the seeded portions of the plots in 1999 but not 
different in 2001 (Figure 3.9) irrespective of residual tree density (Table 3.6). In 1999 
mean biomass among all three of the plots was nearly two times higher on the seeded 
portions of the plots compared to the non-seeded portions.
Thinning and chipping without seeding significantly increased grass biomass on 
the 133 and 89 trees ha'* treatments four times that of the control in 2001. Grass seeding 
further enhanced grass biomass. The seeded 252,133 and 89 trees ha'* treatments had a 
mean of 2, 3 and 4 times more grass biomass respectively than the intact encroachment in 
1999 and 2001 (Figure 3.10 Table 3.7).
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As with grass cover and density, residual tree density appears to be an overriding 
factor in grass biomass production (Figure 3.10). There was a significant negative 
correlation between grass biomass and residual tree density in 2001 (Figure 3.11).
Soil moisture. The study site is extremely dry (Table 3.8). Rainfall data from the 
weather station at Holter Dam, near the study area indicated that 311, 291 and 307 mm of 
annual precipitation fell in 1999,2000 and 2001 respectively. There was no significant 
difference detected for soil moisture at the 20 -  30 cm depth among the treatments or the 
control (Figure 3.12, Table 3.9).
Soil surface temperature and litter thickness. There was a significant negative 
correlation between litter thickness and the mineral soil surface temperature beneath the 
litter on the study site in August (Figure 3.13). Mean midday mineral soil surface 
temperature at the study site in August was on the average 2.11° C cooler for every 1 cm 
increase in surface litter thickness.
Discussion
In this study residual tree density was not replicated nevertheless, the data 
suggests that seeding range grasses combined with thinning enhanced grass recovery. 
Chipping the residual woody debris may also have contributed to enhanced grass 
germination and survival. Water and temperature are usually the limiting factors for 
germination and survival in arid ecosystems such as the study area. All of the grass 
species used in this study were cool season grasses that germinate best at temperatures
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near 16.4° C (Baskin and Baskin 1998). This temperature was most common on the 
study site in May and June when rainfall was relatively high (Table 3.8). A similar study 
suggests that soil temperature beneath chipped woody debris is cooler than bare mineral 
soil in the spring (Law and Kolb unpublished data), which corroborates the results of this 
study. Although no differences were found in soil water at the depth measured for this 
study, in a related study chipped woody debris was shown to increase soil moisture at the 
0 -  5 cm depth and not affect soil water at the 20 -  30 cm depth (Law and Kolb 
unpublished data). Sala and Lauenroth (1982) found that rainfall events of as little as 5 
mm moistened 5 cm of the soil profile and significantly increased blue grama (Bouteloua 
gracilis (H.B.K.) Griffiths) leaf water potential and leaf conductance. Similarly, 
increased soil moisture in the upper 5 cm and cooler soil surface temperatures as a result 
of the chipped residual woody debris may have enhanced grass seed germination and 
seedling survival. Although litter has been shown to hinder the germination and survival 
of plant species in some studies (Pomeroy 1949; Hamrick and Lee 1987; Bloom et al. 
1990, Williams et al. 1990; Smith and Capelle 1992; Peterson and Facelli 1992; Myster 
1994; Seiwa 1997; Law and Kolb unpublished data) the negative impacts of chipped 
woody debris in this study may not have been as great as the positive impacts on soil 
surface water and temperature. In this study percent litter cover was on average 80% and 
averaged 2.7 cm thick compared to a similar study where chipped woody debris covered 
98% of the mineral soil surface, was on average 10 cm thick and did limit grass recovery 
(Law and Kolb unpublished data). Furthermore, similar results for grass recovery were 
found in other studies where all of the residual logging debris was removed from the site 
following overstory removal (Mcormel and Smith 1965, 1970; Bedunah et al. 1988). It
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may be that there is an optimal litter thickness for grass germination and survival that is 
specific for plant species and site characteristics. Barrett (1931) found that chestnut oak 
{Quercus montana Willd.) germination was enchanced at a litter thickness of 2.54 cm up 
to 10.16 cm. Alternatively, chestnut oak seedling establishment was only enhanced at 
litter depths between 2.54 cm and 5.08 cm. Smith and Capelle (1992) discovered that 
litter did not hinder the germination of chicory (Cichorium intybus L.) seeds, but seedling 
establishment was negatively correlated with litter thickness. Fowler (1986) found that 
some litter increased germination, survival and growth of Texas grama {Bouteloua 
rigidiseta (Steud.) Hitch.) and red threeawn {Aristida longiseta Steud.), but too much 
litter was detrimental.
Although chipping woody debris may have enhanced grass germination and 
survival in this study it is difficult to separate the effects of chipped woody debris tfom 
the effects of overstory removal. In this study, residual mature tree density was inversely 
related to grass cover, density and biomass. Inverse relationships between overstory 
remaining and understory production are well documented in the literature (Ffolliott and 
Clary 1972). Bedunah et al. (1988) found that thinning Douglas-fir, westem larch (Larix 
occidentalis Nutt.) and lodgepole pine stands resulted in increased grass biomass, forage 
availability and potential grazing capacity two years post thinning. Ffolliott and 
Gottfried (1989) found that grass production was an average of 5.6 times higher in 
clearcuts compared to adjacent forest in an Arizona mixed conifer forest. The authors 
suggest that increased herbage production in clearcuts can be attributed to a modified 
microclimate such as solar radiation and soil moisture. Olson and Whitson (2002) 
suggested that thinning big sagebrash {Artemisia tridentata Nutt.) with the herbicide
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tebuthiuron increased grass production. Shrub dominated sites were shifted to grass 
dominated sites without losses in species richness. Peitz et al. (2001) found that thinning 
a loblolly pine {Pinus taeda L.)-hardwood forest in Arkansas increased light intensity 
and understory production. Forage biomass increased a mean of 426 kg ha'  ̂and 632 kg 
ha'* two and four years post thinning respectively. Harper (1977) wrote that plants might 
influence their neighbors by changing the abiotic environment such as by shading which 
in turn may slow growth. More solar radiation at the forest floor is a probable factor 
influencing the increase in grass production (Harper 1977; Bedunah et al.l988; Ffolliott 
and Gottfried 1989; Peitz et al 2001). Higher levels of solar radiation at the forest floor 
may result in graminoids with smaller leaves but biomass and tiller production is usually 
increased (Langer 1963; Langer 1972). Langer (1972) also suggests that with increased 
tillering more leaves are produced resulting in a larger total leaf area per plaint. Our 
results show that grass cover, density and biomass were increased with decreasing 
residual tree density suggesting that more solar radiation enhanced grass production.
Although in this study, production at the individual species level was marginal 
(Table 3.10), their collective production was significant. Similar results were found in 
north central Washington where grass species had marginal but consistent gains 
following thinning (McConnell and Smith 1970).
In this study, only intermediate wheatgrass, crested wheatgrass and biuebunch 
wheatgrass were detected out of the eight species that were seeded. Nevertheless, 
seeding significantly increased the rate of grass recovery. Seeding increased grass cover 
and density over the control 1 to 2 years earlier on most of the thinned treatments 
compared to not seeding. Grass cover and density were also significantly higher on the
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seeded portions of the treatments compared to the non-seeded portions for each year of 
the study (Figures 3.3 and 3.5). Seeding also increased annual grass production 
compared to not seeding (Table 3.11). Seeding significantly increased biomass 
production over the control at all of the thinning levels in 1999 and 2001. None of the 
non-seeded treatments had significant grass biomass production during first year of the 
study and only the 133 and 89 trees ha'  ̂treatments had significant grass production in 
2001. In 1999 mean grass biomass among the treatments was nearly three times higher 
than the control as a result of seeding. Alternatively, in 2001 mean grass biomass among 
the treatments was 3.5 times greater than the control for both the non-seeded and seeded 
treatments. The non-seeded treatments increased in biomass from 1999 levels by a mean 
of 19,122 and 70% for the 252,133 and 89 trees ha'* treatments respectively. On the 
other hand, grass biomass on the seeded 252 trees ha'* treatment declined from 1999 
values by a mean of 39%. Furthermore, the seeded 133 and 89 trees ha'* treatments 
increased in grass biomass from 1999 levels by a mean of 13%. Peitz et al. (2001) found 
that grass biomass increased a mean of 153 kg ha'* two years post thinning but after four 
years mean grass biomass declined from two-year values by 44%. The decrease in grass 
biomass was attributed to competition with vines and woody plants. It is not likely that 
competition with forbs and shrubs was a factor in this study. Shrub cover was on average 
4% in 1999 and 5% 2001 and forb cover declined from 11% pretreatment to a mean of 
6% three years post treatment. Low growing season precipitation in 2000 and 2001 may 
have limited grass seedling production on the seeded treatments. In 2000 and 2001 only 
152 mm and 187 mm of rain fell between May and September compared to 210 mm in
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1999. Grazing was also likely to have been a negative influence on grass seedling 
survival.
Further increases in biomass production may have been possible if grazing had 
been excluded. It is possible that some of the other species germinated, but grazing 
deterred establishment or prevented shoot elongation and flowering. Seed heads were 
almost non-existent on the intermediate wheatgrass, crested wheatgrass and biuebunch 
wheatgrass tillers. Lack of flowers made species identification difficult especially among 
the more similar species used in this study and among the species that were already 
present on the study site. Consequently some of the germinating species may have been 
misidentified in this study although every effort was made to correctly identify each 
species.
Conclusion
The combination of seeding preferred grass species with thinning increases 
understory grass production. More solar radiation to the forest floor following thinning is 
a probable cause of increased grass production. Possible increases in surface soil 
moisture as a result of the chipped woody debris may also have contributed to grass 
germination and survival. The results of this study suggest that a combination of seeding, 
thinning and woody debris applications may be a positive contribution to rangeland 
productivity. Although there are costs associated with thinning, chipping and seeding it 
is possible that long term increases in rangeland productivity, returns from increased 
cattle profits, possible wood products and reduced fire hazard will more than compensate 
landowners for their investments.
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Figure 3.1. Mean percent cover by dominant life forms on the Sieben ranch near Helena, 
Montana.









Figure 3.2. Mean 1999 grass seedling number m'^ among all three of the thinned plots on 
the Sieben ranch near Helena, Montana. The letters indicate significance and 
the error bars represent one standard error.
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Not seeded Seeded
Figure 3.3. Mean annual percent grass cover among all three of the thinned plots on the 
Sieben ranch near Helena, Montana. The letters indicate significance and the 
error bars represent one standard error.
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Figure 3.4. Mean monthly percent grass cover for the seeded portions of the treatments 
compared to the intact encroachment on the Sieben ranch near Helena, 
Montana. The letters indicate significance. The error bars represent one 
standard error.
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R-Square = 0.76
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Figure 3.5. A correlation between mean annual percent grass cover of the seeded 
portions of the treatments and residual tree density on the Sieben ranch 
near Helena, Montana.





















Figure 3.6. Mean annual grass culm number m’̂  among all three of the thinned plots on 
the Sieben ranch near Helena, Montana. The letters indicate significance 
and the error bars represent one standard error.
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Figure 3.7. Mean annual grass culm number m' for the seeded portions of the treatments 
compared to the intact encroachment on the Sieben ranch near Helena, 
Montana. The letters indicate significance and the error bars represent one 
standard error.
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Figure 3.8. A correlation between grass culm number for the seeded portions of
the treatments and residual tree density on the Sieben ranch near Helena, 
Montana.
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Not seeded Seeded
Figure 3.9. Mean annual grass biomass (g m’̂ ) among all three of the thinned plots on 
the Sieben ranch near Helena, Montana. The letters indicate significance 
and the error bars represent one standard error.
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Figure 3.10. Mean annual grass biomass (g m'^) for the seeded portions of the treatments 
compared to the intact encroachment on the Sieben ranch near Helena, 
Montana. The letters indicate significance and the error bars represent one 
standard error.
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Figure 3.11. A correlation between mean annual grass biomass (g m'^) for the seeded 
portions of the treatments and residual tree density on the Sieben ranch 
near Helena, Montana.
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Figure 3.12. Mean growing season soil water content for each year of the study among 
the treatments on tihe Sieben ranch near Helena, Montana. The error bars 
represent one standard error.
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Ttmperature = 36.95 -2.11 x Litter tifiickness




Figure 3.13. A correlation between mineral soil surface temperature and litter thickness 
at the study site on the Siebn ranch near Helena, Montana. Measurements 
were taken on August 30,2001.
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Table 3.1. ANOVA table for grass seedling number m'^ among the treatments on the 
Sieben ranch near Helena, Montana for the year 1999.
Dependent Variable: Grass seedling number (log 10)
Source
Type III Sum 
of Squares df Mean Square F Sig.
Intercept Hypothesis 22.267 1 22.267 3.503 .346
Error 5.348 .841 6.357®
Seeding Hypothesis 2.771 1 2.771 10.456 .042
Error .873 3.295 ,265‘>
Block Hypothesis 1.044 2 .522 1.281 .495
Error .520 1.278 .407'=
Seeding * Block Hypothesis .764 2 .382 1.247 .291
Error 35.221 115 .306'^
Replicate Hypothesis 3.465 3 1.155 3.292 .059
Error 4.151 11.833 .351®
Quadrat(Replicate) Hypothesis 2.238 6 .373 1.218 .302
Error 35.221 115 .306'*
Month(Quadrat) Hypothesis .764 6 .127 .416 .867
Error 35.221 115 .306'^
Seeding * Month Hypothesis .307 3 .102 .334 .801
Error 35.221 115 .306''
a. 2.500 MS(Seeding) + 1.000 MS(Quadrat(Replicate)) + 1.000 MS(Month(Quadrat)) - 3.500 MS(Error)
b. .533 MS(Seeding * Block) + .400 MS(Seeding * Month) + 6.667E-02 MS(Error)
c. 1.333 MS(Seeding * Block) - .333 MS(Error) 
d- MS(Error)
e. .667 MS(Quadrat(Replicate)) + .333 MS(Eiror)
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Table 3.2. ANOVA table for the effects of seeding on percent grass cover among the 
treatments on the Sieben ranch near Helena, Montana.
Dependent Variable: Grass cover (%)
Source
Type III Sum 
of Squares df Mean Square F Sig.
Intercept Hypothesis 383123.616 1 383123.616 23.677 .141
Error 15182.415 .938 16181.002®
Seeding Hypothesis 6587.430 1 6587.430 15.935 .019
Error 1524.467 3.688 413.404*’
Block Hypothesis 21576.319 2 10788.160 16.090 .091
Error 1047.113 1.562 670.490=
Seeding * Block Hypothesis 1140.462 2 570.231 2.136 .120
Error 84085.472 315 266.938'*
Replicate Hypothesis 1561.548 3 520.516 2.670 .075
Error 3907.613 20.044 194.949®
Quadrat(Replicate) Hypothesis 953.656 6 158.943 .595 .734
Error 84085.472 315 266.938<*
Year(Quadrat) Hypothesis 967.238 4 241.810 .906 .461
Error 84085.472 315 266.938'*
Seeding * Year Hypothesis 326.402 2 163.201 3.230 .146
Error 201.808 3.994 50.524^
Month(Year) Hypothesis 23901.002 4 5975.251 118.283 .000
Error 201.708 3.993 50.5179
Seeding * Month Hypothesis 390.000 3 130.000 2.512 .191
Error 219.450 4.240 51.758*’
Seeding * Year * Hypothesis 202.212 4 50.553 .189 .944
Month Error 84085.472 315 266.938'*
a- 2.536 MS(Seeding) + .977 MS(Quadrat(Replicate)) + .989 MS(Year(Quadrat)) + 1.318E-03 MS(Year 
* Seeding) + 4.337E-02 MS(Seedlng * Month) - .108 MS(Seeding * Year * Month) - 3.439 MS(Error)
b. .513 MS(Seeding * Block) + .429 M8(Seeding ‘  Year) + .427 MS(Seeding * Month) - .434 
MS(Seeding * Year * Month) + 6.525E-02 MS(Error)
c. 1.331 MS{Seedlng * Block) - .331 MS(Error) 
d- MS(Error)
®- .667 MS(Quadrat(Repiicate)) + .333 MS(Error)
f -1.000 MS{Seeding * Year * Month) - 1.346E-04 MS(Error)
9- 1.000 MS(Seeding * Year * Month) - 1.679E-04 MS(Error) 
h. .994 MS(Seedlng * Year * Month) + 5.568E-03 MS(Error)
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Table 3.3. ANOVA table for the effects of thinning and chipping on percent grass cover 
for the seeded portions of the plots compared to the intact encroachment on 
the Sieben ranch near Helena, Montana.
Dependent Variable: Grass cover {%)
Source
Type III Sum 
of Squares df Mean Square F Sig.
Intercept Hypothesis 143400.008 1 143400,008 551.905 .000
Error 1539.661 5.926 259.827®
Treatment Hypothesis 31683.845 3 10561.282 35.676 .000
Error 64239.279 217 296.034*’
Replicate Hypothesis 1426.226 2 713.113 2.527 .182
Error 1293.028 4.582 282.201'=
Quadrat(Replicate) Hypothesis 1125.107 4 281.277 .950 .436
Error 64239.279 217 296.034*’
Year(Quadrat) Hypothesis 980.401 4 245.100 .828 .509
Error 64239.279 217 296.034*>
Treatment * Year Hypothesis 9827.922 6 1637.987 5.533 .000
Error 64239.279 217 296.034*’
Month(Year) Hypothesis 14491.920 4 3622.980 12.238 .000
Error 64239.279 217 296.034*’
Treatment * Month Hypothesis 7029.766 9 781.085 2.639 .006
Error 64239.279 217 296.034*’
Treatment * Month Hypothesis 5197.445 12 433.120 1.463 .140
* Year Error 64239.279 217 296.034*’
a- .597 MS(Quadrat(Replicate)) + .538 MS(Year(Quadrat)) - .135 MS{Error) 
b- MS(Error)
c. .937 MS(Quadrat(Replicate)) + 6.263E-02 MS(Error)
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Table 3.4. ANOVA table for the effects of seeding on grass culm number m'^ on the 
Sieben ranch near Helena, Montana.
Source
Type ill Sum 
of Squares df Mean Square F Sig.
intercept Hypothesis 1538.409 1 1538.409 175.726 .050
Error 8.623 .985 8.755®
Seeding Hypothesis 3.512 1 3.512 114.760 .008
Error 6.177E-02 2.018 3.060E-02'’
Block Hypothesis 4.389 2 2.195 43.548 .103
Error 5.138E-02 1.019 5.040E-02=
Seeding * Block Hypothesis .106 2 5.276E-02 .883 .415
Error 18.759 314 5.974E-02<^
Replicate Hypothesis .920 3 .307 5.645 .009
Error .808 14.873 5.433E-02®
Quadrat(Replicate) Hypothesis .310 6 5.162E-02 ,864 .522
Error 18.759 314 5.974E-02'“
Year(Quadrat) Hypothesis .362 4 9.057E-02 1.516 .197
Error 18.759 314 5.974E-02''
Seeding * Year Hypothesis 3.299E-02 2 1.649E-02 .526 .627
Error .125 4.003 3.133E-02f
Month(Year) Hypothesis 2.043 4 .511 16,306 .010
Error .125 3.999 3.132E-02S
Seeding * Month Hypothesis 4.489E-02 3 1.496E-02 .480 .714
Error .122 3.921 3.118E-02*’
Seeding * Year * Hypothesis .125 4 3.132E-02 .524 .718
Month Error 18.759 314 5.974E-02'*
a. 2.512 MS(Seeding) + .977 MS(Quadrat(Replicate)) + .991 MS(Year(Quadrat)) + 1.322E-03 
MS(Seeding * Year) + 4.330E-02 MS(Seeding * Month) - .109 MS(Seeding * Year * Month) - 3.415 
MS(Error)
b. .520 MS(Seeding * Block) + .434 MS(Seeding * Year) + .431 MS(Seeding * Month) - .442 
MS(Seeding ‘  Year * Month) + 5.705E-02 MS(Error)
c. 1.338 MS(Seeding * Block) - .336 MS(Error) 
d- MS(Error)
e. .666 MS(Quadrat(Replicate)) + .334 MS(Error) 
f-1,000 MS(Seeding * Year * Month) + 1.677E-04 MS(Error) 
g- 1.000 MS(Seeding * Year * Month) - 3.428E-05 MS(Error) 
h. 1.005 MS(Seeding * Year * Month) - 5.228E-03 MS(Error)
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Table 3.5. ANOVA table for the effects of thinning and chipping on grass culm number 
m'^ for the seeded portions of the plots compared to the intact encroachment 
on the Sieben ranch near Helena, Montana.
Dependent Variable: Grass culm number
Source
Type III Sum 
of Squares df Mean Square F Sig.
Intercept Hypothesis 3427712.267 1 3427712.267 1364.135 .000
Error 11111.102 4.422 2512.737®
Treatment Hypothesis 800933.687 3 266977.862 45.985 .000
Error 1242432.534 214 5805.760*’
Replicate Hypothesis 4262.477 2 2131.239 .860 .473
Error 13725.484 5.539 2477.871®
Quadrat(Replicate) Hypothesis 8997.943 4 2249.486 .387 .817
Error 1242432.534 214 5805.760*’
Year(Quadrat) Hypothesis 14599.284 4 3649.821 .629 .643
Error 1242432.534 214 5805.760*’
Treatment * Year Hypothesis 142294.658 6 23715.776 4.085 .001
Error 1242432.534 214 5805.760*’
Month(Year) Hypothesis 83287.613 4 20821.903 3.586 .007
Error 1242432.534 214 5805.760*’
Treatment * Month Hypothesis 35813.083 9 3979.231 .685 .722
Error 1242432.534 214 5805.760*’
Treatment * Month Hypothesis 78411.314 12 6534.276 1.125 .341
‘ Year Error 1242432.534 214 5805.760*’
a. .599 MS{Quadral(Replicate)) + .540 MS(Year(Quadrat)) -.139 MS(Error)
b. MS(Error)
c- .936 MS(Quadrat(Replicate)) + 6.422E-02 MS(Error)
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Table 3.6. ANOVA table for the effects of seeding on grass biomass (g m ') among the 
treatments on the Sieben ranch near Helena, Montana.
Dependent Variable: Grass biomass
Source
Type III Sum 
of Squares df Mean Square F Sig.
Intercept Hypothesis 28172.654 1 28172.654 68.343 .283
Error 166.173 .403 412.226®
Seeding Hypothesis 259.140 1 259.140 1.255 .420
Error 285.201 1.381 206,550*’
Block Hypothesis 2129.870 2 1064.935 26.954 .214
Error 28.032 .710 39.509=
Seeding * Block Hypothesis 99.185 2 49.592 .621 .541
Error 4071.966 51 79.842^
Replicate Hypothesis 159.900 3 53.300 1.274 .299
Error 1395.110 33.359 41.821®
Quadrat(Replicate) Hypothesis 136.858 6 22.810 .286 .941
Error 4071.966 51 79.842“
Year(Quadrat) Hypothesis 42.031 2 21.015 .263 .770
Error 4071.966 51 79.842“
Seeding ‘ Year Hypothesis 436.946 1 436.946 5.473 .023
Error 4071.966 51 79.842“
a. 2.500 MS(Seedlng) + 1.000 MS(Quadrat(Replicate)) + 1.000 MS(Year(Quadrat)) - 3.500 MS(Error)
b. .533 MS(Seeding * Block) + .400 MS(Seeding * Year) + 6.667E-02 MS(Error)
c. 1.333 MS(Seedlng * Block) - .333 MS(Error)
d. MS(Error)
e. .667 MS(Quadrat(Repllcate)) + .333 MS(Error)
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Table 3.7. ANOVA table for the effects of thinning and chipping on grass biomass 
(g for the seeded portions of the plots compared to the intact 
encroachment on the Sieben ranch near Helena, Montana.
Dependent Variable: Grass biomass
Source
Type III Sum 
of Squares df Mean Square F Sig.
Intercept Hypothesis 8847.952 1 8847.952 132.883 .001
Error 237.187 3.562 66.585®
Treatment Hypothesis 3035.245 3 1011,748 18.713 .000
Error 1946.401 36 54.067*’
Replicate Hypothesis 95.497 2 47.748 1.012 .432
Error 218.881 4.638 47.196'=
Quadrat(Replicate) Hypothesis 186.952 4 46.738 .864 .495
Error 1946.401 36 54.067*’
Year(Quadrat) Hypothesis 171.565 2 85.783 1.587 .219
Error 1946.401 36 54.067*=
Treatment * Year Hypothesis 212.503 3 70.834 1.310 .286
Error 1946.401 36 54.067*=
a. .600 MS(Quadrat(Replicate)) + .533 MS(Year(Quadrat)) - .133 MS(Error)
b. MS(Error)
c. .937 MS(Quadrat(Replicate)) + 6.250E-02 MS(Error)
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Table 3.8. Climate data near the study site at Holter Dam courtesy of the Western
Regional Climate Center. The measurements represent averages between 
July 1943 and December 2003. The temperature is the daily temperature 
in °C and the precipitation and snow fall is in mm.
___________ Jan Feb Mar Apr May Jun Jul Aug $ep Oct Nov Dec Annual
Max. temp. 1.61 4.56 7.83 13.78 19.44 24.06 29.28 28.89 22.33 15.72 7.56 3.22 14.83
Min. temp. -7.67 -5.39 -3.39 1.17 5.61 9.72 12.39 11.78 7.67 4.33 -0.89 -5.06 2.50
Precipitation 11.43 8.38 13.97 30.48 56.39 59.94 34.04 30.23 28.19 17.53 11.43 10.41 312.17
Snow fall 152.40 139.70 154.94 66.04 10.16 2.54 0.00 0.00 7.62 25.40 109.22 109.22 779.78
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Table 3.9. ANOVA table for mean soil water content among the treatments on the 
Sieben ranch near Helena, Montana.
Dependent Variable: Soil Moisture
Source
Type 111 Sum 
of Squares df Mean Square F Siq.
Intercept Hypothesis 3.307 1 3.307 2692.461 .000
Error 3.222E-03 2.624 1.228E-03®
Treatments Hypothesis 5.399E-03 3 1.800E-03 1.861 .140
Error .115 119 9.670E-04‘̂
Replicate Hypothesis 2.567E-03 2 1.284E-03 1.667 .288
Error 3.417E-03 4.436 7.702E-04°
Year(Repiicate) Hypothesis 3.048E-03 4 7.619E-04 .788 .535
Error .115 119 9.670E-04^
Treatment * Year Hypothesis 3.856E-03 6 6.426E-04 .665 .678
Error .115 119 9.670E-04‘’
Month(Year) Hypothesis .197 3 6.574E-02 67.980 .000
Error .115 119 9.670E-04‘'
Treatment * Month Hypothesis 5.809E-03 9 6.455E-04 .668 .737
Error .115 119 9.670E-04^
Treatment * Month Hypothesis 7.550E-03 9 8.389E-04 .868 .556
‘ Year Error .115 119 9.670E-04'"
a. ,835 MS(Replicate) + 1.629E-02 MS(Year(Replicate)) + .149 MS(Error) 
b- MS(Errar)
c- .960 MS(Year(Repiicate)) + 4.D19E-02 WS(Error)
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Table 3.10. Mean annual grass biomass (g m'^) by individual species among the 
treatments on the Sieben ranch near Helena, Montana.
Year Treatments Species Not seeded Seeded
1999 252 trees ha'"' blue grama 0.93 0.64
bluebunch wheatgrass 4.45 12.18
Canada biuegrass 2.71 0.00
Idaho fescue 0.58 0.00
Kentucky biuegrass 0.13 0.00
needtegrass spp. 0.23 0.00
prairie junegrass 0.23 1.48
wheatgrass spp. 0.00 4.12
133 trees ha'"' blue grama 0.21 1.58
bluebunch wheatgrass 9.97 12.33
Idaho fescue 0.01 0.00
prairie junegrass 0.48 0.38
red threeawn 0.43 0.00
wheatgrass spp. 1.32 6.89
89 trees ha'"' blue grama 0.50 1.74
bluebunch wheatgrass 7.43 9.33
needlegrass spp. 0.00 0.62
prairie Junegrass 0.19 0.70
red threeawn 0.36 0.30
wheatgrass spp. 10.96 15.07
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Table 3.10. Continued.
Year Treatments Species Not seeded Seeded
2001 252 trees ha'^
133 trees ha"’
89 trees ha’’
blue grama 2.05 0.44
bluebunch wheatgrass 6.79 6.84
needlegrass spp. 0.26 0.14
prairie junegrass 1.04 1.51
Sandberg biuegrass 0.01 0.05
wheatgrass spp. 0.78 2.16
blue grama 1.03 1.21
bluebunch wheatgrass 12.28 13.83
crested wheatgrass 4.23 0.00
Idaho fescue 0.27 0.00
needlegrass spp. 0.35 0.00
prairie junegrass 1.65 0.84
red threeawn 0.00 0.35
Sandberg biuegrass 0.41 0.22
wheatgrass spp. 6.98 7.62
blue grama 2.38 2.40
bluebunch wheatgrass 9.29 8.58
needlegrass spp. 0.00 0.24
prairie junegrass 1.47 2.81
red threeawn 0.00 0.89
Sandberg biuegrass 0.35 0.38
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Table 3.11. Influence of thinning, chipping and seeding on mean annual above ground 
grass biomass (kg ha'^) among the treatments on the Sieben ranch near 
Helena, Montana.
1999 2001
Treatment Not seeded Seeded Not seeded Seeded
252 trees ha'̂ 92.40 ’184.3® 110.3“ 111.7®
133 trees ha'’ 124.20 211.8®*’ 275.9” 242.9®”
89 trees ha'’ 159.80 280.4” 271.9”" 308.1”
Control 79.10 79.10" 62.3® 62.3"
probability.
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CHAPTER 4
Influences of seedbed characteristics on ponderosa pine germination and survival
Summary. Conifer germination and survival in lower elevation ponderosa pine forests 
across Montana is limited primarily by water availability. Seedbed characteristics that 
increase soil water availability and moderate soil temperatures should increase ponderosa 
pine seed germination and subsequent survival. Six forest residual treatments were 
established in the summer of 1998 to test the hypothesis that different soil seedbed 
characteristics increase plant available water, moderate temperature and increase 
ponderosa pine germination and survival. The treatments include: 1) whole logging 
debris hand piled; 2) whole logging debris piles that were bumed; 3) whole logging 
debris piles that were chipped; 4) whole logging debris piles that were chipped and 
bumed; 5) scattered debris followed with a broadcast bum; 6) control -  no debris and not 
bumed. Ponderosa pine seedling recmitment onto the plots was counted from 1999 
through 2001. In addition, thirty-six 0.5-m^ exclosures were placed in forested and 
rangeland settings to test ponderosa pine germination. Ponderosa pine germination was 
counted in the exclosures during the spring of 2000. Soil surface replicates of the field 
treatments were also placed in the greenhouse where ponderosa pine germination was 
counted for four 25 -  30 day experiments. Ponderosa pine germination and survival in 
the field plots was highest on the bare mineral soil and bumed seedbeds, but was 
confounded by significant rodent predation. Ponderosa pine germination and survival for 
the greenhouse trials was highest on the bum, small debris piles and forest duff seedbeds. 
Key words: seedbed -  soil moisture -  forest residuals -  ponderosa pine -  germination
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Introduction
Ponderosa pine (Pinusponderosa (Dougl.) Lawson) dominates the lower montane 
zone of western north America from Mexico to Canada (Fowells 1965) and is found as a 
climax plant association with bluebunch wheatgrass (Pseudorogeneria spicata (Pursh) 
Love subsp. Spicata Barkworth and Dewey 1985) on the drier ecotones between forests 
and grasslands. This association also occurs as a serai community on more mesic forest 
sites (Daubenmire 1943, 1968; Smith 1985; Cooper et al. 1987). Historically, 
forest/range ecotones across Montana experienced frequent surface fires that played a 
role in maintaining a savannah -  like forest with well-developed bunchgrass understories 
(Gruell et al. 1986; Amo 1995; Kolb and Robberecht 1996a; Bolen 1998). Fire exclusion 
during the past century has contributed to the change in stmcture of these stands into 
dense thickets of small trees that suppress understory vegetation growth (Amo 1996). 
Domestic grazing, logging, mining, land cultivation and climatic variation may also have 
contributed to the changes in forest stmcture and density (Parminter 1978; Amo and 
Graell 1986; Habeck 1994).
Historical records indicate that lower elevation pre-settlement stands such as in 
the Selway Bitterroot Wildemess were dominated by mature ponderosa pines with clear 
boles and open understories (Leiberg 1899, 1900) that were Ifequented by understory 
fires (Brown et al. 1994). Amo and Gmel (1986) observed that fire return intervals of 20 
to 30 years maintained open savanna grasslands on the eastem border of the continental 
divide in the Galena Valley of westem Montana that limited conifers to rocky or moist 
sites. The fire suppression efforts of the past 100 years have decreased understory fire 
frequency leading to changes in plant community structure (Strang and Parminter 1980;
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Swetnam 1993; Amo and Gruel 1986) and accumulated understory fuels (Steele et al. 
1986; Barrett 1988). This also has changed the natural fire regime from low intensity 
fires to high intensity fires. In a simulated study of Pattee Canyon, Missoula, MT, Keane 
et al. (1990) used the simulation model FIRESUM (a fire succession model) to model 
effects of different fire frequencies on community composition and stmcture for 
ponderosa pine/Douglas-fir (Psuedotsuga menziessii (Mirbel) Franco.) forests. Results 
suggested that frequent surface fires mostly killed seedlings, which are more susceptible 
to surface fire damage than mature trees with thick bark. Long fire free intervals 
typically resulted in increased ponderosa pine seedling survival. This is supported by 
observations on the Chilcotin grasslands of British Columbia since 1926 (Strang and 
Parminter 1980). In another study. Weaver (1943) observed that fire suppression allowed 
an abundance of ponderosa pine saplings to establish into dense stands and thickets of 
small trees.
Ponderosa pine encroachment is the result of two distinct site characteristics: (1) 
a seedbed that is conducive for seed germination and (2) soil conditions that can support 
seedling survival. Ponderosa pine seed germination and seedling survival are the first 
two steps for encroachment to occur. In general, dormant plant seeds are dehydrated with 
only about 5% water content (Hopkins 1999). The imbibition of water is a major 
controlling factor of germination (Hopkins 1999; Raynal and Bazzaz 1973). Ponderosa 
pine seed germination has been shown to be influenced by specific soil water potentials. 
Larson and Schubert (1969) found that ponderosa pine seeds germinated best at a water 
potential o f-0.3 MPa whereas germination was greatly diminished at water potentials 
below -0.7 MPa, which is still adequate for “normal” plant growth. Ponderosa pine, red
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pine (Pinus resinosa Ait) and other conifer germination and survival has also been 
shown to be affected by temperature (Flannigan and Woodward 1993; Kolb and 
Robberecht 1996b; Baskin and Baskin 1998). Seedbed characteristics that affect soil 
water and soil surface temperature will largely determine the temperature and water 
status of ponderosa pine seed and have an overriding influence on germination and 
survival (Harper 1965; Herman and Chilcote 1965; Harper 1977; Grubb 1977; Grime 
1979; Hamrick and Lee 1987).
The presence of organic litter can affect seedbed characteristics (Sydes and Grime 
1981; Fowler 1986; Williams et al. 1990; Facelli and Pickett 1991) such as temperature 
(Koller 1972) and moisture (Koller 1972; Raynal and Bazzaz 1973; Lauenroth et al.
1994) as well as light penetration (Koller 1972; King 1975). Litter intercepts rain and 
sunlight and changes the soil surface structure affecting heat and moisture transfer 
between the soil and atmosphere (Weaver and Rowland 1952; West 1979; Fowler 1986; 
Facelli and Pickett 1991). A litter layer reduces soil surface water evaporation by 
increasing the resistance of water vapor diffusion from the soil surface and decreasing 
soil surface temperatures (Facelli and Pickett 1991). Soil surface roughness, which is 
increased by a litter layer, also increases the boundary layer thickness thereby decreasing 
water evaporation (Jones 1992) and creates a more humid environment. Litter affects soil 
surface temperatures by intercepting or reflecting solar radiation and reducing convective 
heat exchange (MacKinney 1929; Evans and Young 1970). For example, litter cover 
resulted in increased mean autumn maximum soil surface temperatures and lowered 
spring temperatures near New Haven, Connecticut (MacKinney 1929). In late May, 
Weaver and Rowland (1952) observed a 15° C lower afternoon soil temperature in a
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mulched versus unmulched grassland. At Stead Nevada, litter resulted in maximum soil 
surface temperatures 15° C lower than bare soil (Evans and Young 1970).
Litter may enhance germination and seedling survival on sites characterized as 
hot and water limited by increasing seedbed soil water availability and moderating 
seedbed temperatures. Litter removal has been found to decrease mixed prairie 
productivity where water may have been the main limiting resource (Willms et al. 1986). 
Evans and Young (1970) noted that medusahead (Taeniatherum asperum (Sim.) Nevski) 
emergence was 47 times greater under litter than on bare soil at Stead, Nevada, which 
may be due to 15° C cooler maximum soil surface temperature beneath litter compared to 
bare soil. Table mountain pine {Pinuspungens Lambert) emergence was generally 
higher on pine litter treatments compared to litter-free treatments which was attributed to 
decreased evaporation (Williams et al. 1990).
Alternatively, litter has also been shown to inhibit or deter germination and 
survival of plant species ranging from forest herbs to conifers (Pomeroy 1949; Hamrick 
and Lee 1987; Bloom et al. 1990; Williams et al. 1990; Smith and Capelle 1992; Peterson 
and Facelli 1992; Myster 1994; Seiwa 1997). The negative effect of litter on germination 
and survival may be attributed to allelopathy (McPherson and Thompson 1972; May and 
Ash 1990), decreased water infiltration (Smith and Capelle 1992) or by preventing seeds 
and/or seedling roots from reaching the soil surface (Grubb 1977; Fowler 1986). Many 
studies have shown that disturbances that reduce duff/litter accumulations may enhance 
ponderosa pine germination and survival (Amo and Gmell 1986; Brown et al. 1994; 
Oswald et al. 1999; Bai et al. 2000). It is well known in applied forestry that bare 
mineral soil results in excellent regeneration for most conifer species.
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Litter reduction by fire results in a blackened soil surface that may increase soil 
surface temperatures. Increased temperatures on fire-blackened seedbeds lengthen the 
growing season, increase nutrient cycling and can increase plant productivity (Curtis and 
Partch 1950; Chapin et al. 1979). Increased temperatures associated with blackened soil 
have also been found to enhance bacteria growth, which in turn produced nitrate ions for 
plant uptake (Sharrow and Wright 1977). Ash deposition has been shown to stimulate 
nitrification in forest soils due to the addition of alkaline salts such as calcium 
(Hesselman 1918; Fowells and Stephenson 1934). Removal of soil surface debris 
through burning or mechanical means increased soil surface temperatures by 1 - 5° C 
near Junction City, Kansas (Hulbert 1969) and significantly increased big bluestem 
(Andropogon geraxdii Vitman) production in Madison, Wisconsin (Weaver and Rowland 
1952). Oswald (1999) observed that ponderosa pine seedlings were taller and stems were 
wider on bumed seedbeds when compared to non-bumed seedbeds, which he speculated 
was due to increased nutrient uptake. There are various conflicting reports on the effects 
of organic debris on conifer seed germination and seedling survival.
The purpose of this study was to: (1) measure the effect of soil surface treatments 
on soil surface moisture and temperature and (2) examine how ponderosa pine seed 
germination and survival are influenced by these effects.
The specific objectives of the study were: (1) determine whether organic debris or 
organic ash on the soil surface will increase soil moisture and moderate soil surface 
temperatures. (2) Organic debris will reduce ponderosa pine seed germination. (3) 
Organic ash will increase ponderosa pine germination.




The study site was 30 kilometers north of Helena, Montana on the Hilger
Hereford Ranch, Lewis and Clark County, at 46.825° N latitude and 112.225° W 
longitude. The mean elevation was 1463 m, there are an average of 110-115 frost-free 
days and the mean annual temperature is 5 °C with summer maximum temperatures 
averaging 22 °C and minimum winter temperatures averaging -6  °C. Mean annual 
precipitation is normally between 254 - 305 mm and mostly occurs from April until June. 
Weather data was provided from the weather station at Holter Dam, which was near the 
study site (Westem Regional Climate Center). Soils were shallow (20-40 cm) Entisols 
from the Ab Belt Series Algonkian rocks. The soil texture was a gravelly silt loam with 
25% coarse fragments. Soil Ph on the study site ranges from 7.6 to 7.9. The study site
was located on a 15% slope with a southeast aspect. In 1998 the trees on the site were
thinned from a mean of 500 to 133 trees ha'^. The residual logging debris was used to 
establish research plots with six soil surface treatments that were 2 x 2 m in size and 
replicated 8 times. Each research plot was fenced with 1-m high livestock fence. The 
treatments were:
a. Whole logging debris hand piled 1 m high and 2 m in diameter
b. Treatment (a) that was bumed
c. Treatment (a) that was chipped with a mechanical flail
d. Treatment (a) that was chipped and bumed
e. Scattered debris followed with a broadcast bum
f. Control -  no debris and not bumed
Naturally occurring ponderosa pine seedlings were coimted in four % m  ̂wire 
frames per treatment. All counts were made monthly from June to September from 1999
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- 2001. Mean ponderosa pine recruitment was measured as the mean number of 
seedlings m'^ in the year 2001 less the mean number of seedlings m'^ in the year 1999.
Ponderosa pine seed germination plots.
To test the effects of surface treatments on ponderosa pine germination, 36 plots 
were established in the fall of 2000 on a northeast aspect near the debris treatment plots. 
Each plot was 0.5 m  ̂in size with a rodent wire mesh exclosure. Plots were located in 
two forested and two non-forested sites on 15% slopes. The plots were stratified into 
three treatments with three replicates each. The forested treatments were (1) bare soil, (2) 
100% forest duff cover consisting of ponderosa pine needles 10 -  15 cm thick and (3) 
small debris piles that were bumed during the fall of 2000. The non-forested treatments 
were (1) bare soil, (2) 50 -  75% grass cover that was clipped to a 7.62 cm stubble height 
(3) intact range grass. Each plot was seeded in October, 2000 with 20 non-stratified 
ponderosa pine seeds and again on June 5,2001 with 20 stratified ponderosa pine seeds. 
Non-stratified seeds were purchased from the Montana state nursery and originated from 
ponderosa pine trees east of the continental divide. The Bridger, Montana Natural 
Resource Conservation Service plant materials center tested the seed viability and found 
the seed to have an 81% germination rate. The procedure for stratification (Baskin and 
Baskin 1998) was as follows: The seeds were soaked in aerated water at 20° C for 24 
hours and placed in a nylon mesh bag. The nylon mesh bag was placed in a plastic bag, 
which contained a wet paper towel and was loosely tied at the top to allow air circulation. 
The bag of seeds was suspended in a refrigerator for 30 days with an average temperature 
of 5° C. Germination was monitored weekly from May 1, 2001 until July 25, 2001.
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Percent germination was based on 81% viability. Seeds were considered germinated 
when their radicles protruded 1-2 mm beyond the seed coat and turned down (Larson and 
Schubert 1969; Harrington 1977).
Greenhouse soil surface debris study.
To quantify the influence of soil surface treatments on soil water dynamics and 
ponderosa pine seed germination, four experiments were conducted in the controlled 
environment of the College of Forestry and Conservation greenhouse. Four 20 -  30 day 
(normal germination tests run two to four weeks Baskin and Baskin 1998) watering 
experiments were performed during the spring and summer of 2001: (1) a no water 
experiment, (2) a morning mist experiment, (3) a surface saturation experiment and (4) a 
surface water loss experiment. Five soil surface treatments were used in each 
experiment: (1) bare mineral soil, (2) soil with intact ash and charcoal from a debris pile 
bum, (3) soil with intact forest duff consisting of ponderosa pine needles and humus 3 cm 
thick, (4) soil with intact native range grass stubble 7.62 cm high at 50 -  75% coverage 
and (5) soil with debris piles consisting of 3 x 30 cm ponderosa pine branches loosely 
stacked 15-20 cm high. All these treatment materials and soil medium were taken from 
the Hilger Hereford ranch near Helena, Montana. A spade was used to extract a 10 cm 
deep by 225-cm^ sample of soil with the surface treatment intact. The soils were Entisols 
with a gravelly silt loam texture. Four samples of each treatment were placed in clear 
plastic trays 25 x 20 x 10 cm in size. Sand was used to fill the empty space between the 
sides of the tray and the sample. As a result of the 2000 fire season in Montana 
additional seed was not available for purchase at the Montana State Nursery. Therefore,
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seed needed for the greenhouse experiments was purchased, non-stratified, from Lawyer 
Nursery in Plains, Montana. The seed was collected from ponderosa pine trees west of 
the continental divide in Lincoln County, Montana. The seed had been tested for 
germination at Oregon State University and had 82% viability.
Experiment one ran from April 30 to May 24. Fifteen stratified ponderosa pine 
seeds were placed onto each soil surface treatment in a grid pattern with 5 cm spaces 
between each seed. Prior to sowing, a garden watering can was used to water each 
treatment with 500 ml of water that approximated precipitation at the field site.
Additional water was not added for the duration of this experiment. Experiment two ran 
from June 19 through July 13. Twenty-two freshly stratified seeds were, placed on the 
soil surface treatments at 3 cm intervals. More seeds were used in this experiment due to 
poor germination in the previous experiment. A household spray bottle was used to spray 
approximately 50 ml of water onto the surface of each treatment once per day at 06.00 to 
simulate dew. Experiment three ran from September 25 until October 15. Additional 
seed was stratified for experiment three. During the third experiment a garden watering 
can was used to saturate the surface of the treatments with 500 ml of water each evening 
at 18.00. Experiment four ran from April 8 to May 10, 2002. In experiment four 
styrofoam dishes with a volume of 355 ml were used in place of plastic trays. Each of 
the surface treatments used in the previous experiments were replicated in this 
experiment. Branches from the previous experiments were placed on four sand filled 
dishes for the debris pile treatment. Ash and charcoal finm the previous experiments was 
placed on four sand filled dishes for the bum treatment. The forest duff from the 
previous experiments was placed on four sand filled dishes for the forest duff treatment.
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The range grass from the previous experiment was clipped and inserted into the sand of 
four dishes for the grass stubble treatment. Four sand filled dishes without a surface 
treatment were used for the bare soil treatment. A greenhouse bench was divided into 
four sections where one replicate of each treatment was placed. Each replicate was 
rotated in a clockwise direction every other day. In order to test for germination the 
treatments were planted with 30 stratified ponderosa pine seeds. A garden watering can 
was used every other evening for 15 evenings at 18.00 to add approximately 75 ± 5 ml of 
water to each treatment to ensure that field capacity was reached. Water loss was 
measured following watering by weighing each treatment every two hours from 06.00 -  
18.00. After 26 days, water was no longer added and the treatments were allowed to air 
dry for seven days. Temperature was measured using a Rayorger ST 800 (Raytech corp.) 
infrared thermometer at a distance of 30 cm from the treatment surface, which resulted in 
a mean surface temperature measurement for a 0.5 cm circle. Temperature was measured 
every two hours from 06.00 to 18.00 every other day for 15 days. A Springfield digital 
hygrometer was used to measure greenhouse air temperature and relative humidity {h^ 
every other day for 15 days at two-hour intervals from 06.00 - 18.00. Greenhouse and 
treatment surface saturation vapor pressures (e^I) were calculated using the equation: CsT 
^ bT ^nexp where a = 0.611, b = 17.502, c = 240.97 and T is the greenhouse air orJ  + c,
treatment surface temperature in °C (Campbell and Norman 1998). Greenhouse vapor 
pressure (ea) was calculated using the equation ea = hrx esT. The relative humidity at the
e
surface of each treatment was calculated using the equation hr = —̂ . Free convection
e j
heat conductance (gHa) for each treatment was calculated using the equation: gHa =
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0.050
f  r ji _ r £  1/
. Where Ts is the treatment surface temperature, Ta is the greenhouse
air temperature and 0.81 times the width of the treatment which was assumed to be a 
flat disk plate (Campbell and Norman 1998). Seed germination was counted every other 
day for each of the above experiments except for experiment two when fieldwork only 
allowed weekly germination counts. Percent seed germination was based on 82% 
viability. Percent seedling mortality was counted every other day until all of the 
seedlings died.
Germination tests often study the speed of germination and the percentage of seed 
that germinate. An index known as the “germination value” (Czabator 1962) was used to 
combine the rate of germination with the percent germination. The germination value 
(GV) was calculated using the equation GV = PV x MDG where PV is the highest 
percent germination and MDG is the mean daily germination. The average amount of 
time (in days) for germination and mortality to occur was calculated using the equation 
MGT == ^ {T xN )I'^N  where MGT is the mean germination time, T is the time in days
and N is the number of fully germinated seeds or dead seedlings on day T (Bewley and 
Black 1985).
Analysis of variance was used test the hypotheses at alpha = 0.05. The 
Bonferroni multiple comparison test was used to separate the means. Due to lack of 
homogeneity and normality the Kruskal-Wallis non-parametric test was used to test for 
significant mortality among the treatments for the surface water loss experiment. 
Regression analysis was used to model the rate of water loss on a percent basis for each 
of the treatments for the surface water loss experiment. Regression lines for five 12-hour
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water loss periods were modeled. The five periods represented 0-12,36-48,60-72,132- 
144 and 156-168 hours after watering. The regression lines were used to predict the 
water loss over time following the addition of 100 grams of water.
Results 
Debris treatment plots.
During the three-year study period natural ponderosa pine recruitment in the plots 
was very sparse (Figure 4.1). The woody debris treatments had on average a seedling 
recruitment of 0.67 seedlings m’̂ . Due to low seedling number this was not significantly 
different from the control with a mean seedling recruitment of 0.26 seedlings m‘̂ . No 
ponderosa pine recruitment occurred in the bum treatments.
Ponderosa pine seed germination plots.
Seeds sown on the range plots had an 80% loss to predation in spite of the 
exclosures, apparently due to small rodents resulting in consumption of seed. The 
remaining seeds did not germinate probably because the seeds were empty. There was 
also seed predation on the forested plots. Seed predation was likely not equal among the 
forested treatments but it was not possible to fmd and count all of the remaining seeds on 
the duff and charcoal surfaces 6 months after sowing. The bare soil treatments for the 
forested plots had a mean predation rate of approximately 50%. No stratified seeds 
planted on June 5, 2001 germinated Therefore, the results presented here are only for 
non-stratified seeds sown in October 2000. Percent germination was calculated on seeds
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remaining after deducting for 81% viability and 50% loss through predation.
Germination on the bare soil treatment for the forested plots was first detected on May 9, 
2001 with a mean of 2.08%. At the end of the 10-week study, the bare soil treatment had 
a mean germination of 10.42% (Figure 4.2). Germination on the forested bum treatment 
was first detected on June 27 with a mean of 2.08%. No further germination occurred on 
the bum  treatment for the forested plots. No measurable germination occurred on the 
forested duff treatment.
Greenhouse soil surface debris study.
Experiment 1: no water. Germination only occurred on the bum and debris pile 
treatments. Germination on the bum treatment began 12 hours after sowing with a mean 
of 1.67%. At the end of 30 days the bum treatment had a mean germination of 3.33%. 
The only germination on the debris pile treatment occurred eight days after sowing with a 
mean of 2.08%.
Experiment 2: morning mist. Germination for this experiment only occurred on 
the bum and forest d u ff treatments. Germination on the bum treatment occurred seven 
days after sowing with a mean of 1.11%. The only germination on the forest duff 
treatment occurred 18 days after the seeds were sown with a mean of 1.39%.
Experiment 3: surface saturation. In this experiment, ponderosa pine seeds 
germinated on all treatments except on the bare soil (Figure 4.3). Germination occurred 
first on the bum treatment, with a mean of 5.54% three days after sowing. After 21 days
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the bum treatment had a mean of 61.03% with an average time to germinate of 15.51 
days. The debris pile treatment was the second to exhibit germination with a mean of 
5.54% four days after sowing. After 21 days the debris pile treatment had the highest 
germination, among the treatments, with a mean of 74.89% and the fastest average time 
to germinate of 14.76 days. The grass stubble treatment was the third to exhibit 
germination with a mean of 2.77% eight days after sowing. After 21 days the grass 
stubble had a mean germination of 19.40% and a mean time to germinate of 16.42 days. 
Germination was not detected on the forest duff treatment until nine days after sowing 
with a mean of 5.54%. After 21 days the forest duff treatment had a mean germination of 
30.49% and a mean time to germinate of 18.18 days. No measurable germination 
occurred on the bare soil treatment. The percent germination among the treatments was 
significant (Table 4.1). Similarly, the combination of the rate of germination and the 
percent of seeds that germinated, reflected by the “germination value” (gv), was also 
significant especially on the bum and debris treatments (Figure 4.4, Table 4.2).
Experiment 4: surface water loss. In this experiment all treatments including 
bare soil exhibited germination (Figure 4.5). Germination began three days after sowing 
on the debris pile treatment with a mean of 1.02%. After 30 days the debris pile 
treatment had a mean of 53.86% and a mean time to germinate of 18.36 days.
Germination began on the bum treatment three days after sowing with a mean of 5.08%. 
After 30 days the bum treatment had a mean of 34.56% with a mean time to germinate of 
17.61 days. Germination was not detected on the forest duff treatment until five days 
after sowing with a mean of 3.05%. After 30 days the forest duff treatment had a mean
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of 34.56% and a mean time to germinate of 18.99 days. The grass stubble treatment also 
exhibited germination five days after sowing with a mean of 4.07%. After 30 days the 
grass stubble treatment bad a mean germination of 22.36% and a mean time to germinate 
of 17.62 days. The bare soil treatment exhibited germination three days after sowing 
with a mean of 3.05%. After 30 days the bare soil treatment had a mean of 26.43% 
germination and a mean time to germinate of 16.59 days. In this experiment no 
significant differences were found in percent germination among the treatments (Table 
4.3). Similarly, the germination values among the treatments were not significant (Figure 
4.6).
Germination on the bare soil treatment was relatively high on the surface water 
loss experiment compared to the other experiments. On the other hand, only 50% of the 
seedlings on the bare soil treatment survived until the no water period (Figure 4.5). Also, 
the seedlings that survived until the no water period only survived a mean of 7 days after 
the final watering. Similarly only 54% of the seedlings on the grass stubble treatment 
survived until the no water period after which seedlings survived a mean of 7 days after 
the final watering. Survival on the bum treatment was 70% until the no water period. 
Seven days after the final watering the bum treatment had 34% more live seedlings than 
the bare soil treatment and a mean survival time of 8 days. Survival on the debris pile 
treatment was 98.6% until the no water period. Four days after watering the debris 
treatment had 56% more live seedlings than the bare soil treatment and a mean survival 
time of 7.5 days. The forest duff treatment had 100% seedling survival until the no water 
period. Seven days after watering the forest duff treatment had 62% more live seedlings 
than the bare soil treatment and a mean survival time of 9 days after the final watering.
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The mean greenhouse air temperature was 17° C in the early morning and 27° C in 
the early evening (Figure 4.7). Greenhouse air temperature reached a maximum of 41° C 
on May 10 for two hours. Mean boundary layer free convection heat conductance (gHa) 
was significantly different among the treatments (Figure 4.8). On average heat transfer 
on the bare mineral soil treatment was 1.19 times greater than the debris pile, forest duff 
and grass stubble treatments. Mean maximum seedbed temperature was measured as the 
highest mean temperature that a surface treatment reached during a 12-hour day. Mean 
maximum seedbed temperatures among the treatments were significantly different on 6 
out of the 15 days in which surface temperatures were recorded (Figure 4.9, Table 4.4). 
On April 10, the forest duff treatment had the highest mean maximum surface 
temperature of 28.02° C, which was 4.80° C higher than the bum, grass and bare soil 
treatments. Similarly, the mean maximum temperature on the forest duff treatment was 
3.35° C higher than the grass stubble treatment on April 15 and 1.8° C higher than the 
grass stubble and bare soil on April 17. Alternatively, on April 26 the bare soil treatment 
had the highest mean maximum surface temperature of 38.22° C, which was on average 
7° C higher than the mean maximum surface temperatures of the other treatments. On 
May 3 the bare soil treatment also had the highest mean maximum surface temperature of 
41.67° C, which was 12° C higher than the debris pile treatment. On May 9 the bare soil 
treatment also had the highest mean maximum surface temperature of 34.79° C, which 
was 6.4° C higher than the forest duff treatment.
Mean minimum relative humidity was measured as the lowest humidity that a 
surface treatment reached during a 12-hour day. Mean minimum relative humidity at the 
treatment surface was significantly different on 9 out of the 15 days that were measured
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(Figure 4.10). On April 10 the debris pile and forest duff treatments had the lowest mean 
minimum relative humidity of 29.63%, which was 7.13% lower than the rest of the 
treatments. Similarly on April 15 the forest duff treatment had the lowest mean 
minimum relative humidity of 38.75, which was 8.25% lower than the grass stubble 
treatment. The forest duff treatment also had the lowest mean relative humidity on April 
17 with a mean of 46.75%, which was 5.50% lower than the bum, grass stubble and bare 
soil treatments. On April 19 the trend began to shift. The bum treatment had the lowest 
mean minimum humidity of 15.25%, which was 9.50% lower than the grass stubble 
treatment. On April 26 the bare soil treatment had a mean minimum relative humidity of 
14%, which was 6.06% lower than the rest of the treatments. On May 1 the bare soil 
treatment reached a minimum humidity of 11%, which was 9.75% lower than the debris 
pile treatment. This trend continued on May 3 when the bare soil treatment reached a 
mean minimum humidity of 12%, which was 12.25% lower than the debris pile 
treatment. On May 9 the bare soil treatment reached a mean minimum humidity of 
17.25%, which was 6% lower than the debris pile and forest duff treatments. Also, on 
May 10 the bare soil treatment reached a mean minimum humidity of 8.5%, which was 
5.25% lower than the debris pile treatment.
Water loss was significantly different among the treatments. During the first 12 
hours after watering, the bare soil treatment lost 64% of its water, which was 31% higher 
than the debris pile and forest duff treatments (Figure 4.11, Table 4.5). This trend 
continued during the second day after watering (Figure 4.12). Forty-eight hours after 
watering the bare soil treatment lost another 64% of its remaining water, which was 27% 
higher than the debris pile and forest duff treatments. The modeled water loss rates
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suggests that the difference between the treatments becomes smaller over time, but the 
bare soil treatment had less water when compared with the debris pile and forest duff 
treatments from 0 to 132 hours after the final watering (Figure 4.13).
Discussion
Seedbed conditions had significant effects on ponderosa pine seed germination 
and subsequent survival. In greenhouse trials, ponderosa pine seed germination was 
generally highest on debris pile and bum seedbeds. Organic ash, debris pile and forest 
duff seedbeds had the highest seedling survival. Studies suggest that ponderosa pine 
germination decreases with decreasing soil water potential and is especially low at water 
potentials below -0.7 MPa (Larson and Schubert 1969, Schubert 1974). In this study the 
models of water loss and water release curves for sand (Israelsen 1962, Brady 1990, 
Campbell and Norman 1998) suggest that re-watering likely occurred when the water 
potential of the treatments was near -0.7 MPa. Frequent watering and associated high 
water potentials likely explain why many of the treatments had high germination for the 
surface saturation and surface water loss experiments relative to the no water and 
morning mist experiments. Furthermore, frequent watering likely contributed to the 
similarity in the total percent germination and “germination value” among most of the 
treatments for the surface saturation and surface water loss experiments.
Low temperatures and associated high humidity as a result of less soil surface 
water evaporation on the debris pile treatment may have further enhanced germination. 
Low vapor pressure deficits allowed greater seed germination by lowering the
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evaporative demand of the air around the seeds and thus prevented desiccation. If a seed 
has imbibed water such as the stratified seed used for the greenhouse experiments it is 
more prone to desiccation. Even though the forest duff treatment had low water loss, 
relatively low temperatures and high humidity, some seeds likely desiccated as a result of 
being suspended within the pine needle matrix above the soil surface. Germination on 
the bum treatment was relatively high. The ash and charcoal associated with this 
treatment likely provided numerous microsites where seeds had favorable conditions for 
germination. Similar studies have shown that surface materials such as charcoal and ash 
create microsites that provide different temperature, moisture and humidity regimes that 
significantly affect germination (Harper et al. 1965; Hermann and Chilcote 1965; Harper 
1977; Smith and Cappelle 1992).
The bare soil treatment had relatively high temperatures and the associated low 
humidity and high water loss in spite of frequent watering, likely allowed some seeds to 
dry out. Coarse soil such as sand retains very little water; most of it is transmitted 
downward. High heat transfer on a smooth sandy surface dries the surface and its 
hydraulic conductivity becomes so low that it cannot conduct water upward (Campbell 
and Norman 1998). Dry soil surfaces were frequently observed prior to re-watering on 
the bare soil treatment. Furthermore, the soil for the surface saturation experiment was a 
compacted gravelly silt loam and prevented good seed soil contact. As a result, there was 
limited contact between the seed and the soil surface, which may have prevented 
adequate water availability to seeds (Sorensen and Campbell 1981). High temperature 
and low humidity as well as a drier soil surface likely explain why germination on the 
bare soil treatment was low and ended early relative to the other treatments.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
160
Ponderosa pine seedling survival was highest on the bum, debris pile and forest 
duff seedbeds for the surface water loss experiment. Soil moisture was significantly 
higher on these seedbeds suggesting that charcoal and ash, small branches and pine 
needles create a barrier to water loss. Numerous studies have shown that ponderosa pine 
seedling survival in semi arid ecosystems is linked to soil water availability (Vance and 
Running 1985; Kolb and Robberecht 1996a,b). The greenhouse air temperature and 
humidity was generally much higher than in natural settings. Nevertheless, mean 
maximum surface temperatures on the bare soil treatment, during the no water period, 
were consistently 38.5° C and on May 10 half of the bare soil replicates reached 
temperatures of 50 and 53° C which is near the 1-minute lethal threshold for ponderosa 
pine tissue (Harrington and Kelsey 1979; Seidel 1986). Mean minimum relative 
humidity on the bare soil treatments often fell below 15% in May and was lower than 
10% on May 10. One to two year old ponderosa pine seedlings have been shown to 
endure water potentials as low as -2.0 to -3.0 MPa by limiting transpiration water loss 
(Vance and Running 1985). On the other hand, low humidity and high temperatures 
associated with the bare soil and grass stubble treatments, during the no water period, 
likely caused an intolerable evapotranspiration demand on recently germinated seedlings 
in this study. This likely explains the limited seedling survival on bare soil and grass 
stubble treatments relative to bum, debris pile and forest duff treatments.
Relative humidity for the seedbeds on the Hilger ranch often fell below 5% in 
July and August when temperatures exceeded 55° C (Law and Kolb unpublished data), 
which may have limited seed germination and survival relative to the greenhouse 
experiments. Although seedbed characteristics such humidity and temperature contribute
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significantly to successful seed germination and seedling survival other factors such as; 
seed production, seed dissemination, predation and competition can also affect 
germination success and seedling survival (Curtis and Lynch 1965; Hermann and 
Chilcote 1965; Griffin 1982; Vance and Running 1985; Bums and Honkala 1990; Kolb 
and Robberecht 1996a,b). These other factors may have been the overriding influence on 
germination and survival success for the field experiments. Ponderosa pine cone crops 
are highly variable (Barrett 1979). The field experiments in this study may have taken 
place during marginal cone crop years resulting in non-significant seedling recmitment 
onto the debris treatment plots. The bum treatments for the debris treatment plots also 
had significant grass growth (Law and Kolb unpublished data), which has been shown to 
present a competitive disadvantage to ponderosa pine seedling recruitment (Griffin 1982; 
Vance and Running 1985; Kolb and Robberecht 1996a,b). A combination of extremely 
dry weather in 2001, and seed consumption further hampered germination success on the 
ponderosa pine seed germination plots. Birds, mice, chipmunks etc. eat ponderosa pine 
seeds (Schmidt and Shearer 1971; Bums and Honkala 1990). Although seeds for the 
ponderosa pine seed germination plots were in exclosures, predation accounted for 80% 
of the loss of seed on the non-forested native range plots. Similarly, Schmidt and Shearer 
(1971) suggest that animals consistently consume 70 to 90% of filled ponderosa pine 
seed before germination. The authors also suggest that deer mice (Peromyscus 
maniculatus artemisiae Rhoads) populations fluctuate with ponderosa pine seed crop. 
Furthermore, predation likely continues after germination. Herman and Chilcote (1965) 
suggest that predation was the major cause of Douglas-fir seedling mortality near 
Corvallis Oregon, which was especially dramatic where hiding cover was highest.
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Conclusion
In the greenhouse experiments, ponderosa pine germination was influenced by 
seedbed moisture, temperature and humidity. Seedbeds with the lowest temperatures, 
highest humidities and highest moisture had the highest germination and survival. The 
field experiments in this study also suggest that other factors besides seedbed conditions 
can influence germination success. Such factors as seed consumption, seed production 
and seed dispersal may be interactive factors in successful germination and survival.
Interactions between seedbed conditions, seed predation, seed production and 
seed dispersal may be more important to ponderosa pine encroachment success than 
previously thought. The native range treatments were located in heavily grassed sites that 
likely provided protective cover for mice and other small rodents. It may be that 
disturbances that remove protective cover exposing potential seedbeds decreases seed 
consumption. A combination of lower seed consumption, increased soil moisture and 
moderated temperatures may be contributing to ponderosa pine germination, survival and 
subsequent encroachment.
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Figure 4.1. Mean ponderosa pine seedling recruitment, seedlings m'^, onto the debris 
treatment plots. The letters indicate significance and the error bars 
represent one standard error.
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Figure 4.2. Mean percent ponderosa pine germination for the bare soil and bum
treatments in the forested plots for the ponderosa pine seed germination 
study on the Hilger, Hereford Ranch near Helena, Montana.
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Figure 4.3. Mean percent ponderosa pine seed germination for the surface saturation 
experiment. The letters following the treatment names indicate 
significant germination at the end of the experiment.


























Figure 4.4. Mean ponderosa pine “germination value” for the surface saturation 
experiment. The error bars represent one standard error. The letters 
indicate significance.
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Figure 4.5. Mean percent ponderosa pine seed germination and survival for the surface 
water loss experiment Seedling mortality occurred on the bum, grass 
stubble and bare soil treatments before the no water period. The forest duff 
treatment had significantly greater seedling survival on day 24, 30, 32 and 
33. The debris pile treatment had significantly greater seedling survival on 
day 30 when compared to the bare soil treatment. The bum treatment had 
significantly greater seedling survival on day 33. All of the seedlings 
among the treatments were dead on day 36, which was 10 days after the 
final watering.
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Figure 4.6. Mean ponderosa pine “germination value” for the surface water loss 
experiment. The error bars represent one standard error.
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Figure 4.7. Mean daily greenhouse air temperature and relative humidity. Measurements 
were taken during the surface water loss experiment which ran from April 
until mid May 2001.

















Figure 4.8. Mean boundary layer free convection conductance and resistance to heat 
transfer among the treatments for the surface water loss experiment. The 
error bars represent on standard error. The letters indicate significance.
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Figure 4.9. Mean maximum daily temperature for the surface of each treatment for the
surface water loss experiment. The treatments were watered on the evening of the 
graphed dates except May 6 -  10. The error bars represent one standard error.
The asterisks indicates a significant difference from the bare soil treatment.
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Figure 4.10. Mean minimum surface humidity for each of the treatments for the surface 
water loss experiment. The treatments were watered on the evening of the 
graphed dates except May 6 -  May 10. The error bars represent one 
standard error. The asterisks indicate a significant difference from the 
bare soil treatment.
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Figure 4.11. Mean percent water loss among the treatments 12 hours after watering for 
the surface water loss experiment. The error bars represent one standard 
error. The letters indicate significance.











Figure 4.12. Mean percent water loss among the treatments 48 hours after watering for 
the surface water loss experiment. The error bars represent one standard 
error. The letters indicate significance.
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Figure 4.13. Models of water loss rates for each of the treatments as a function of time 
since watering for the surface water loss experiment.
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Table 4.1. ANOVA table for percent germination for the surface saturation experiment. 
The analysis was done on the total germination percentage at the end of the 
study.
Dependent Variable: Percent germination (log 10)
Source
Type III Sum 
of Squares df Mean Square F Sig.
Intercept Hypothesis 31.568 1 31.568 354.430 .000
Error .267 3 8.907E-023
Treatment Hypothesis 8.611 4 2.153 47.691 .000
Error .542 12 4.514E-02*’
Replicate Hypothesis .267 3 8.907E-02 1.973 .172
Error .542 12 4.514E-02'^
a- MS(Replicate) 
b. MS(Error)
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Table 4.2. ANOVA table for the “germination value” for the surface saturation 
experiment.
Dependent Variable: "Germination value" (log 10)
Source
Type III Sum 
of Squares df Mean Square F Sig.
Intercept Hypothesis 6.303 1 6.303 26.885 .014
Error .706 3.021 ,234®
Treatment Hypothesis 3.543 4 .886 11.669 .001
Error .835 11 7.592E-02^
Replicate Hypothesis .709 3 .236 3.111 .071
Error .835 11 7.592E-02*^
a. .989 MS(Replicate) + 1.099E-02 MS(Error)
b. MS(Error)
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Table 4.3. ANOVA table of percent germination for the surface water loss experiment. 
The analysis was done for the total percent germination at the end of the 
study.
Dependent Variable: Percent germination
Source
Type III Sum 
of Squares df Mean Square F Sig.
Intercept Hypothesis 23601.198 1 23601.198 66.373 .004
Error 1066.755 3 355.585®
Treatment Hypothesis 2349.554 4 587.388 1.332 .314
Error 5291.134 12 440.928'^
Replicate Hypothesis 1066.755 3 355.585 .806 .514
Error 5291.134 12 440.928 ’̂
a- MS(Replicate)
b. MS(Error)
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Table 4.4. ANOVA table of mean maximum daily surface temperatures for each of the 
treatments for the surface water loss experiment.
Dependent Variable: Temperature (log 10)
Source
Type III Sum 
of Squares df Mean Square F Sig.
Intercept Hypothesis 668.906 1 668.906 23806.525 .000
Error .112 4 2.810E-02®
Treatments Hypothesis .112 4 2.810E-02 7.257 .000
Error .217 56 3.872E-03*=
Replicates Hypothesis 2.640E-02 3 8.800E-03 5.726 .001
Error .277 180 1.537E-03‘=
Date(Replicates) Hypothesis 8.732E-02 42 2.079E-03 1.353 .091
Error .277 180 1.537E-03'=
Treatment * Date Hypothesis .217 56 3.872E-03 2.519 .000
Error .277 180 1.537E-03=
a- MS(Treatment)
b- MS(Treatment * Date) 
MS(Error)c.
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Table 4.5. ANOVA table of the percent water loss 12 hours after watering for each of the 
treatments for the surface water loss experiment.
Dependent Variable: Water loss (%)
Source
Type III Sum 
of Squares df Mean Square F Sig-.
Intercept Hypothesis 4.459 1 4.459 321.371 .ooo'
Error 4.162E-02 3 1.387E-02®
Treatment Hypothesis .354 4 8.841 E-02 19.893 .000
Error 5.333E-02 12 4.444E-03‘>
Replicate Hypothesis 4.162E-02 3 1.387E-02 3.122 .066
Error 5.333E-02 12 4.444E-03‘=
a- MS(Replicate)
b. MS(Error)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
188
Appendices
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
189
Appendix A
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
190
Table 1. Mean plant available water (g cm'^) at the 0 -  5 cm depth for the treatments 
on the Hilger Hereford ranch near Helena, Montana. Significance from the
Treatment Year Month Mean Minimum Maximum Std. Deviation N
Chip 1999 June 0.21* 0.08 0.29 0.0566 23
July 0.08* 0 0.18 0.0689 23
August 0.15* 0.01 0.28 0.0585 23
September 0.03* 0 0.1 0.0329 23
2000 June 0.05* 0 0.27 0.0604 24
July 0.03* 0 0.13 0.0362 24
August 0.07* 0 0.19 0.0609 23
2001 June 0.10* 0.02 0.21 0.0546 23
July 0.16* 0.01 0.33 0.0796 23
August 0.08* 0.01 0.21 0.0618 23
Pile 1999 June 0.19* 0.11 0.31 0.0587 16
July 0.02* 0 0.1 0.0364 17
August 0.17* 0.04 0.3 0.0690 18
September 0.02* 0 0.07 0.0273 17
2000 June 0.03* 0 0.2 0.0601 18
July 0.05* 0 0.2 0.0505 18
August 0.06* 0 0.17 0.0601 18
2001 June 0.14* 0.04 0.24 0.0628 17
July 0.18* 0.02 0.38 0.0833 17
August 0.13* 0 0.33 0.0912 17
Broadcast 1999 June 0.07 0 0.26 0.0599 24
Burn July 0.05 0 0.15 0.0527 24
August 0.06 0 0.2 0.0611 24
September 0.01 0 0,04 0.0123 24
2000 June 0.00 0 0.03 0.0083 24
July 0.00 0 0.02 0.0041 24
August 0.02 0 0.06 0.0171 24
2001 June 0.02 0 0.14 0.0381 24
July 0.07 0 0.19 0.0485 24
August 0.02 0 0.09 0.0267 24
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
191
Table 1. continued.
Treatment Year Month Mean Minimum Maximum Std. Deviation N
Chip 1999 June 0.09* 0 0.24 0.0746 24
and July 0.06 0 0.21 0.0694 23
burn August 0.06 0 0.17 0.0572 24
September 0.01 0 0.06 0.0174 23
2000 June 0.00 0 0.08 0.0164 24
July 0.00 0 0.06 0.0128 24
August 0.02 0 0.12 0.0284 24
2001 June 0.00 0 0.05 0,0124 23
July 0.05 0 0.18 0.0516 24
August 0.03 0 0.14 0.0450 24
Pile 1999 June 0.05 0 0.14 0.0414 24
and July 0.04 0 0.3 0.0709 24
burn August 0.05 0 0.15 0.0428 24
September 0.00 0 0.02 0.0052 23
2000 June 0.00 0 0.06 0.0149 24
July 0.00 0 0.05 0.0102 24
August 0.01 0 0.07 0.0217 23
2001 June 0.01 0 0.08 0.0196 24
July 0.02 0 0.1 0.0301 23
August 0.01 0 0.04 0.0135 24
Control 1999 June 0.04 0 0.17 0.0451 24
July 0.04 0 0.1 0.0397 24
August 0.06 0 0.2 0.0538 24
September 0.00 0 0.03 0.0061 24
2000 June 0.00 0 0.03 0.0074 24
July 0.00 0 0 0.0000 24
August 0.02 0 0.09 0.0280 24
2001 June 0.01 0 0.09 0.0259 24
July 0.04 0 0.13 0.0383 24
August 0.01 0 0.11 0.0267 24
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Table 2. Mean plant available water (g cm'^) at the 20 -  30 cm depth among the
Treatment Year Month Mean Minimum Maximum Std. Deviation N
Chip 1999 June 0.24 0.19 0.28 0.0351 7
July 0.06 0.01 0.13 0.0446 7
August 0.15 0.06 0.26 0.0825 8
September 0.06 0 0.17 0.0517 8
2000 June 0.00 0 0.00 0.0000 8
July 0.02 0 0.09 0.0316 8
August 0.16 0,04 0.43 0.1495 7
2001 June 0.09 0 0.47 0.1597 8
July 0.07 0.03 0.1 0.0327 6
August 0.07 0 0.17 0.0713 8
Pile 1999 June 0.20 0.06 0.31 0.0896 6
July 0.01 0 0.04 0.0195 5
August 0.13 0 0.34 0.1464 6
September 0.09 0.02 0.2 0.0708 6
2000 June 0.00 0 0 0.0000 6
July 0.04 0 0.09 0.0430 5
August 0.07 0 0.25 0.0933 6
2001 June 0.09 0 0.4 0.1605 6
July 0.11 0 0.27 0.0979 6
August 0.08 0 0.17 0,0828 6
Broadcast 1999 June 0.12 0.04 0.26 0.0655 8
Burn July 0.05 0 0.16 0.0498 8
August 0.13 0 0,22 0.0821 8
September 0.07 0 0.18 0.0578 8
2000 June 0.00 0 0 0.0000 8
July 0.00 0 0.03 0.0106 8
August 0.04 0 0.17 0.0597 8
2001 June 0.02 0 0.12 0.0414 8
July 0.07 0 0.21 0.0717 8
August 0.12 0 0.41 0.1326 8
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Table 2. Continued.
Treatment Year Month Mean Minimum Maximum Std. Deviation N
Chip 1999 June 0.17 0 0.3 0.1068 8
and July 0.01 0 0.03 0.0115 7
burn August 0.18 0.04 0.38 0.1163 8
September 0.06 0 0.13 0.0555 8
2000 June 0.00 0 0.00 0.0000 8
July 0.04 0 0.09 0.0399 7
August 0.07 0 0.2 0.0806 7
2001 June 0.07 0 0.19 0.0744 8
July 0.12 0 0.25 0.0888 8
August 0.11 0 0.22 0.0818 8
Pile 1999 June 0.15 0.01 0.24 0.0767 8
and July 0.06 0 0.12 0.0486 7
burn August 0.14 0 0.4 0.1382 8
September 0.06 0 0.18 0.0632 8
2000 June 0.00 0 0 0.0000 8
July 0.01 0 0.04 0.0151 7
August 0.05 0 0.22 0.0840 7
2001 June 0.02 0 0.07 0,0276 8
July 0.09 0 0.21 0.0891 8
August 0.06 0 0.17 0.0665 8
Control 1999 June 0.15 0.04 0.24 0.0607 8
July 0.04 0 0.09 0.0364 8
August 0.10 0 0.21 0.0793 8
September 0.02 0 0.09 0.0323 8
2000 June 0.00 0 0 0.0000 8
July 0.01 0 0.05 0.0191 7
August 0.12 0 0.31 0.1243 8
2001 June 0.08 0 0.25 0.0859 8
July 0.07 0 0.15 0.0479 7
August 0.04 0 0.18 0.0685 7
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Table 1. Mean annual grass density (culms m‘̂ ) by species and treatment in central 
Montana. The bolded numbers are significantly greater than the control.
Not
seeded  Exotic Native
B.
Species 1999 2000 2001 1999 2000 2001 1999 2000 2001
bluebunch wtieatgrass 20.88 19.17 19.33 0.08 9.33 8.56 0.92 2.67 0.78
Cheatgrass 0 1.17 0 0 0 4.89 0 0 0
Idaho fescue 0 0 0 52.17 8.11 30.22 4.50 4.44 0
Intermediate wheatgrass 0 0 0 2.50 0 9.44 0 0 0
mountain brome 0 0 0 0 0 0 0.75 0 0
needle grass 0 0 0 0.33 0 0.67 0 0 0
one spike oatgrass 0 0 0 15.83 14.67 1.11 0.58 0.33 0
prairie junegrass 0 0 0 16.21 4.78 8.11 2.08 2.11 0
pubescent wheatgrass 0 0 0 0 0 0 0 0.44 0
rough fescue 5.75 0 0.17 3.33 3.56 0 0 0 0
sandberg bluegrass 0 0 0 0 0 1.56 0.25 0 0.33
slender wheatgrass 0 0 0 0 0 1.67 0 1.56 0.67
unknown grass 3.13 0.50 0 80.25 8.67 1.00 20.67 6.56 0.89
bluebunch wheatgrass 5.63 3.33 0.33 0.25 0 0 3.63 2.00 11.17
Cheatgrass 0 0 0.17 0 7.50 0.83 0 0 0
crested wheagrass 0 0 0 0 0 11.17 0 0 0
Idaho fescue 0.38 0 0.17 0 0 0 23.25 1.17 143.7
Intermediate wheatgrass 0 0 0 2.75 1.67 1.50 0 0 0
mountain brome 0 0 0 0 1.33 0 0.13 0 0
one spike oatgrass 0 0 0 0 0 0 0.75 0 0
pubescent wheatgrass 0 0 0 0 2.83 3.17 0 0 0
rough fescue 1.00 6.50 0 0.13 1.17 5.67 0 0 0
sandberg bluegrass 2.50 0.17 13.33 0 0 0 0 0 0
slender wheatgrass 0 0 0 0 0 0 0 0 0.17
unknown grass 1.38 0 0 12.38 0.67 0 2.13 1.50 0
bluebunch wheatgrass 2.50 4.50 38.17 15.25 26.33 16.67 0 32.67 55.78
Cheatgrass 0 5.33 59.33 0 13.22 34.22 0 0.33 12.89
crested wheagrass 0 0 0 0 10.22 100.78 0 0 0
Idaho fescue 0 0 0 0 1.11 7.78 0 11.22 166.8
Intermediate wheatgrass 0 0 0 12.58 51.11 45.11 0 0 0
mountain brome 0 0 0 0 12.11 0 38.33 66.11 81.44
one spike oatgrass 0 0 0 2.83 0 0 0.42 0 0.44
prairie junegrass 0 0 0 0 0 0 2.58 3.67 0
pubescent wheatgrass 0 0 0 0 6.67 35.67 0 0 0
rough fescue 6.25 3.17 85.00 0 2.33 0 0 23.22 2.33
sandberg bluegrass 0 0 0.33 0 0 0 2.33 4.22 18.11
slender wheatgrass 0 0 0 0 0 0 0 0.33 31.67
unknown grass 1.63 2.33 0.67 73.00 18.67 0 75.75 10.44 0










Species 1999 2000 2001 1999 2000 2001 1999 2000 2001
bluebunch wheatgrass 0 0.33 1.33 1.83 4.44 8.44 0.75 58.89 88.89
Cheatgrass 0 0 2.17 0 5.56 4.33 0 2.44 12.56
crested wheagrass 0 0 0 0 24.67 70.67 0 0 1.78
Idaho fescue 0 0 6.67 0 0 0 0 45.56 175.0
intermediate wheatgrass 0 4.50 4.67 65.92 80.44 94.67 0 0 0.33
mountain brome 0 1.50 0 0 26.44 1.22 75.58 69.33 31.78
needle grass 0 0.50 5.67 0 0 0 0 0 0
one spike oatgrass 0 0 0 0 0 0 0 0 1.56
prairie junegrass 0 0 0.67 0 0 0 0 0.67 0
pubescent wheatgrass 0 0 0 0 20.56 13.78 0 0 0
rough fescue 1.13 0 12.33 0 2.44 0 2,58 27.33 5.11
slender wheatgrass 0 0 8.00 0 0 0 0 13.00 56.22
unknown grass 1.63 1.83 1.17 14.33 7.00 5.00 22.25 3.89 0.11
westem wheatgrass 0 0 0 0 0 0 0 1.33 0
blue grama 0 0 0 0 0.89 0 0 0 0
bluebunch wheatgrass 0.13 0.33 4.17 0 8.00 0.78 3.50 32.78 90.89
Cheatgrass 0 5.33 52.33 0 2.89 1.22 0 0.56 10.00
crested wheagrass 0 0 0 0 20.56 98.56 0 0 0
Idaho fescue 0 0 0 0 0 0 0 2.89 21.67
intermediate wheatgrass 0 0 0 70.25 77.89 81.11 0 0 0
mountain brome 0.13 0 0 0 1.89 0 8.17 38.33 29.44
one spike oatgrass 1.88 14.17 4.17 0.42 0 0 0 0 0
prairie junegrass 0 0 0 0 0 2.67 0.50 0 2.67
pubescent wheatgrass 0 0 0 0 27.78 7.44 0 0 0
rough fescue 0 0.17 0 0 0 4.44 0 5.67 8.00
Russain wild rye 0 0 0 0 0 1.67 0 0 0
sandberg bluegrass 0 0 0.67 0 0 0 0 0 5.00
slender wheatgrass 0 0 0 0 0 0 0 5.00 21.00
unknown grass 0.75 0 0 27.67 15.33 0 11.67 5.33 0.89
bluebunch wheatgrass 25.50 45.33 30.33 20.92 12.78 46.11 14.92 20.56 9.89
Cheatgrass 0 0 0 0 0.22 1.00 0 0 0
Idaho fescue 0 0 0 79.58 34.56 77.00 0 0 2.11
Kentucky bluegrass 0 0 0 0 0 5.56 0 0 0
mountain brome 62.88 0 0 0 0 0 20.33 0 0
one spike oatgrass 325.63 271.67 105.17 3.50 1.89 0.22 164.00 84.56 75.11
prairie junegrass 3.63 0 1.33 31.67 51.00 26.00 3.75 20.56 7.22
rough fescue 0 6.33 1.17 103.42 123.56 66.11 117.50 156.00 255.7
sandberg bluegrass 0 5.50 16.17 30.92 25.56 34.11 76.33 2.33 13.44
unknown grass 12.00 0.17 74.33 3.67 45.75 13.67 2.11
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Table 2. Mean annual grass height (cm) by species and treatment in central Montana. 







Species 1999 2000 2001 1999 2000 2001 1999 2000 2001
bluebunch wheatgrass 22.90 28.87 37.46 28.00 16.31 20.62 15.40 36.63 23.60
Cheatgrass 0 10.55 0 0 0 36.00 0 0 0
crested wheatgrass 0 0 0 0 0 64.00 0 0 0
Idaho fescue 0 0 0 6.00 15.40 14.88 11.67 14.00 0
intermediate wheatgrass 0 0 0 10.00 0 38.36 0 0 0
mountain brome 0 0 0 0 0 0 9.83 17.50 0
needle grass 0 0 0 62.33 0 92.00 0 0 0
one spike oatgrass 0 0 0 9.60 7.75 11.33 8.67 12.00 0
prairie junegrass 0 0 0 13.75 12.17 16.50 8.00 8.00 0
rough fescue 27.17 0 38.00 15.00 18.05 0 0 0 0
sandberg bluegrass 0 0 0 0 0 13.50 30.75 0 13.00
slender wheatgrass 0 0 0 0 0 0 0 50.25 32.00
unknown grass 10.00 11.87 0 5.95 7.90 13.00 6.14 8.81 20.80
bluebunch wheatgrass 36.70 37.13 52.50 11.00 0 0 50.75 66.48 53.67
Cheatgrass 0 0 18.00 0 17.38 19.00 0 0 0
crested wheatgrass 0 0 0 0 0 40.67 0 0 0
Idaho fescue 38.00 0 19.00 0 0 0 21.17 14.00 26.20
intermediate wheatgrass 0 0 0 18.08 22.00 58.50 0 0 0
mountain brome 0 0 0 0 0 0 35.00 0 0
one spike oatgrass 0 0 0 0 0 0 40.00 0 0
pubescent wheatgrass 0 0 0 0 27.80 44.00 0 0 0
rough fescue 32.00 50.00 0 30.00 26.13 22.33 0 0 0
sandberg bluegrass 24.00 43.80 40.00 0 0 0 0 0 0
slender wheatgrass 0 0 0 0 0 0 0 0 48.00
unknown grass 11.00 0 0 9.93 19.50 0 22.00 15.25 0
bluebunch wheatgrass 24.60 41.83 59.67 23.00 21.60 33.56 0 22.98 40.93
Cheatgrass 0 35.05 19.46 0 21.87 14.50 0 11.20 18.65
crested wheatgrass 0 0 0 0 29.40 41.73 0 0 0
Idaho fescue 0 0 0 0 2.00 5.50 0 10.33 16.47
intermediate wheatgrass 0 0 0 9.72 36.81 45.90 0 0 0
mountain brome 0 0 0 0 0 0 10.06 34.16 37.02
one spike oatgrass 0 0 0 7.67 0 0 3.00 0 2.00
prairie junegrass 0 0 0 0 0 0 6.50 2.50 0
pubescent wheatgrass 0 0 0 0 59.32 78.03 0 0 D
rough fescue 12.00 32.47 22.36 0 6.17 0 0 7.00 10.50
sandberg bluegrass 0 0 0 0 0 0 4.00 15.52 16.70
slender wheatgrass 0 0 0 0 0 0 0 26.00 42.00
unknown grass 10.50 6.88 7.00 5.73 7.89 0 4.22 5.50 0










Species 1999 2000 2001 1999 2000 2001 1999 2000 2001
bluebunch wheatgrass 0 7.60 15.75 16.00 21.33 31.31 12.00 23.71 32.81
Cheatgrass 0 0 12.00 0 27.47 19.50 0 23.43 19.25
crested wheatgrass 0 0 0 0 29.07 38.65 0 0 0
Idaho fescue 0 0 10.00 0 0 0 0 10.33 12.67
intermediate wheatgrass 0 41.90 23.00 9.90 45.66 59.50 0 0 0
mountain brome 0 15.00 0 0 0 0 11.98 34.83 45.19
needle grass 0 87.60 60.40 0 0 0 0 0 0
one spike oatgrass 0 0 0 0 0 0 0 0 5.50
prairie junegrass 0 0 5.00 0 0 0 0 5.00 0
pubescent wheatgrass 0 0 0 0 81.00 72.05 0 0 0
rough fescue 13.50 0 8.75 0 6.50 0 23.50 13.49 21.25
slender wheatgrass 0 0 53.25 0 0 0 0 34.50 36.38
unknown grass 8.00 4.56 11.67 5.67 8.96 18.00 5.25 7.86 7.00
bluebunch wheatgrass 53.00 57.00 35.75 0 19.46 18.00 14.63 21.93 31.62
Cheatgrass 0 33.75 16.17 0 29.33 22.17 0 24.00 17.00
crested wheatgrass 0 0 0 0 38.23 33.91 0 0 0
Idaho fescue 0 0 0 0 0 0 0 5.00 14.80
intermediate wheatgrass 0 0 0 9.98 48.39 55.29 0 0 0
mountain brome 6.00 0 0 0 0 0 10.82 31.53 26.93
one spike oatgrass 3.33 5.30 4.25 5.00 0 0 0 0 0
prairie junegrass 0 0 0 0 0 7.00 2.00 0 5.00
pubescent wheatgrass 0 0 0 0 57.85 65.40 0 0 0
rough fescue 0 4.00 0 0 0 16.00 0 5.50 7.17
Russain wildrye 0 0 0 0 0 54.00 0 0 0
sandberg bluegrass 0 0 12.00 0 0 0 0 0 24.00
slender wheatgrass 0 0 0 0 0 0 0 30.80 37.55
unknown grass 3.75 0 0 4.88 8.64 0 4.37 3.70 9.00
bluebunch wheatgrass 23.08 19.05 26.72 31.35 41.31 45.53 24.78 16.00 27.79
Cheatgrass 0 0 0 0 5.50 9.50 0 0 0
Idaho fescue 0 0 0 7.43 15.15 14.20 0 0 9.25
intermediate wheatgrass 0 0 0 3.00 0 0 0 0 0
mountain brome 12.21 0 0 0 0 0 11.00 0 0
one spike oatgrass 4.90 4.85 6.24 3.00 3.85 2.00 6.56 5.20 6.67
prairie junegrass 3.38 5.00 4.50 7.17 8.82 4.00 4.19 6.38
rough fescue 0 6.40 10.00 13.47 27.90 26.33 12.50 16.67 20.90
sandberg bluegrass 0 14.30 21.80 6.69 16.21 16.30 14.92 28.50 11.50
unknown grass 8.88 2.50 0 5.26 3.64 9.50 5.42 4.83 7.67
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Table 3. Mean annual percent grass cover by species and treatment in central Montana.
The bolded numbers are significantly greater than the control._________
Not






2000 2001 1999 2000 2001 1999 2000 2001
blue grama 0 0 0 0 0 0 0 0 0
bluebunch wheatgrass 2.34 2.19 4.69 0.05 0.69 1.25 0.26 0.63 0.35
cheatgrass 0 0.21 0 0 0 1.11 0 0 0
Idaho fescue 0 0 0 0.63 0.35 0.97 0.16 0.07 0
intermediate wheatgrass 0 0 0 0.05 0 3.19 0 0 0
mountain brome 0 0 0 0 0 0 0.16 0 0
needle grass 0 0 0 0.16 0 0.21 0 0 0
one spike oatgrass 0 0 0 0.78 1.46 0.21 0.16 0.07 0
prairie junegrass 0 0 0 0.47 0.21 1.11 0.05 0.07 0
pubescent wheatgrass 0 0 0 0 0 0 0 0.07 0
rough fescue 0.47 0 0.10 0.05 0.49 0 0 0 0
sandberg bluegrass 0 0 0 0 0 0.14 0.10 0 0.07
slender wheatgrass 0 0 0 0 0 1.04 0 0.14 0.14
unknown grass 0.16 0.31 0 1.75 1.18 0.28 1.20 0.97 0.35
bluebunch wheatgrass 0.78 0.83 0.21 0.08 0 0 0.39 0.63 1.35
cheatgrass 0 0 0.10 0 1.46 0.21 0 0 0
crested wheatgrass 0 0 0 0 0 2.19 0 0 0
Idaho fescue 0.08 0 0.10 0 0 0 0.47 0.10 2.08
intermediate wheatgrass 0 0 0 0.47 0.63 0.73 0 0 0
mountain brome 0 0 0 0 0.10 0 0.08 0 0
one spike oatgrass 0 0 0 0 0 0 0.08 0 0
pubescent wheatgrass 0 0 0 0 0.31 0.73 0 0 0
rough fescue 0.16 0.21 0 0.08 0.42 0.31 0 0 0
sandberg bluegrass 0.23 0.10 0.63 0 0 0 0 0 0
slender wheatgrass 0 0 0 0 0 0 0 0 0.10
unknown grass 0.08 0 0 0.55 0.31 0 0.23 0.21 0
bluebunch wheatgrass 0.39 0.31 7.29 1.15 2.43 3.96 0 2.50 6.04
cheatgrass 0 0.94 10.83 0 0.97 3.54 0 0.21 2.08
crested wheatgrass 0 0 0 0 1.74 13.19 0 0 0
Idaho fescue 0 0 0 0 0.07 0.07 0 0.21 7.43
intermediate wheatgrass 0 0 0 1.15 5.56 9.58 0 0 0
mountain brome 0 0 0 0 1.32 0 2.97 10.21 15.76
one spike oatgrass 0 0 0 0.16 0 0 0.05 0 0.07
prairie Junegrass 0 0 0 0 0 0 0.10 0.14 0
pubescent wheatgrass 0 0 0 0 1.67 9.31 0 0 0
rough fescue 0.31 0.63 3.75 0 0.21 0 0 0.90 0.14
sandberg bluegrass 0 0 0.10 0 0 0 0.16 0.69 1.04
slender wheatgrass 0 0 0 0 0 0 0 0.07 5.28
unknown grass 0.16 0.42 0.10 1.35 0.69 0 1.20 0.56 0





Species 1999 2000 2001 1999 2000 2001 1999 2000 2001
bluebunch wheatgrass 0 0.10 0.31 0.47 0.21 1.60 0.05 5.28 11.11
cheatgrass 0 0 0.52 0 1.39 0.56 0 0.42 1.32
crested wheatgrass 0 0 0 0 2.01 11.60 0 0 0.28
idaho fescue 0 0 0.10 0 0 0 0 0.90 6.04
intermediate wheatgrass 0 0.63 0.21 6.15 13.26 23.89 0 0 0.21
mountain brome 0 0.10 0 0 2.92 0.42 7.76 11.88 8.19
needle grass 0 0.21 1.04 0 0 0 0 0 0
one spike oatgrass 0 0 0 0 0 0 0 0 0.21
prairie junegrass 0 0 0.10 0 0 0 0 0.14 0
pubescent wheatgrass 0 0 0 0 4.65 6.39 0 0 0
rough fescue 0.16 0 0.42 0 0.14 0 0.21 1.81 0.14
slender wheatgrass 0 0 1.46 0 0 0 0 1.32 8.26
unknown grass 0.31 0.73 0.31 0.63 0.49 0.49 1.04 1.18 0.07
western wheatgrass 0 0 0 0 0 0 0 0.07 0
blue grama 0 0 0 0 0.07 0 0 0 0
bluebunch wheatgrass 0.08 0.10 0.42 0 0.63 0.14 0.21 3.47 8.47
cheatgrass 0 1.46 8.23 0 0.90 0.21 0 0.21 1.60
crested wheatgrass 0 0 0 0 2.92 13.13 0 0 0
Idaho fescue 0 0 0 0 0 0 0 0.14 1.04
intermediate wheatgrass 0 0 0 6.25 15.56 18.26 0 0 0
mountain brome 0.08 0 0 0.31 0.21 0 1.51 7.50 4.10
one spike oatgrass 0.23 1.04 0.21 0.05 0 0 0 0 0
prairie Junegrass 0 0 0 0 0 0.14 0.05 0 0.21
pubescent wheatgrass 0 0 0 0 5.35 2.78 0 0 0
rough fescue 0 0.10 0 0 0 0.14 0 0.76 0.21
Russain wild rye 0 0 0 0 0 0.42 0 0 0
sandberg bluegrass 0 0 0.10 0 0 0 0 0 0.42
slender wheatgrass 0 0 0 0 0 0 0 0.69 4.86
unknown grass 0.16 0 0 0.99 0.83 0 0.68 0.69 0.07
bluebunch wheatgrass 2.11 4.27 3.54 3.07 1.63 7.08 1.51 1.60 0.83
cheatgrass 0 0 0 0 0.07 0.28 0 0 0
Idaho fescue 0 0 0 0.47 1.25 1.67 0 0 0.14
intermediate wheatgrass 0 0 0 0.05 0 0 0 0 0
Kentucky bluegrass 0 0 0 0 0 1.39 0 0 0
mountain brome 4.06 0 0 0 0 0 0.73 0 0
one spike oatgrass 12.19 12.40 10.31 0.31 0.14 0.07 3.65 4.03 4.93
prairie junegrass 0.31 0 0.10 0.73 1.88 1.46 0.05 0.90 0.63
rough fescue 0 0.42 0.10 3.18 4.72 2.15 3.91 6.94 11.11
sandberg bluegrass 0 0.52 2.19 1.77 1.25 3.54 0.73 0.49 0.97
unknown grass 0.23 0.10 0 1.15 0.49 0 1.15 0.49 0.21
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Table 4. Mean annual grass biomass (g m'^) by species and treatment in central 
______ Montana. The bolded numbers are significantly greater than the control.
Not
_____________________________________ seeded Exotic Native





2000 2001 1999 2000 2001 1999 2000 2001
bluebunch wheatgrass 3.53 11.31 3.83 0.51 0.19 4.15 0 0.12 0.12
Cheatgrass 0 0 0.16 0 0 1.63 0 0 0
crested wheatgrass 0 0 0 0 0 0.33 0 0 0
idaho fescue 0 0 0 0.54 0.89 2.25 0 0.02 0
intermediate wheatgrass 0 0 0 0 0 5.31 0 0 0
mountain brome 0 0 0 0 0 0 0.88 0 0
needle grass 0 0 0 0 0 0.47 0 0 0
one spike oatgrass 0 0 0 1.29 0.67 0.11 0.34 0 0
prairie junegrass 0 0 0 1.22 0.37 2.00 0 0 0
rough fescue 0.83 0 0 0.41 0 0 0 0 0
sandberg bluegrass 0 0 0 0 0 0.06 0 0 0.44
slender wheatgrass 0 0 0 0 0 2.83 0 0.75 0.54
unknown grass 0 0 0 0 0 0 0.14 0 0.11
bluebunch wheatgrass 0.08 0.24 0 0 0 0 1.14 0.07 2.87
Cheatgrass 0 0 0 0 0.54 0.04 0 0 0
crested wheatgrass 0 0 0 0 0 0.51 0 0 0
Idaho fescue 0.38 0.09 0 0 0 0 3.74 0 7.50
intermediate wheatgrass 0 0 0 0 1.94 4.25 0 0 0
mountain brome 0 0 0 0 0 0 0 0.06 0
rough fescue 0 0.22 0 0 0 0.53 0 0 0
slender wheatgrass 0 0 0 0 0 0 0 0 0.07
bluebunch wheatgrass 7.35 0.41 14.04 0.46 4.00 6.57 0 6.60 11.86
Cheatgrass 0 4.64 27.62 0 2.53 1.90 0 0.05 4.56
crested wheatgrass 0 0 0 0 1.07 38.25 0 0 0
idaho fescue 0 0 0 0 0 0 0.11 0.94 9.02
intermediate wheatgrass 0 0 0 1.32 26.32 22.58 0 0 0
mountain brome 0 0 0 0 0 0 2.04 23.30 33.17
one spike oatgrass 0 0 0 0 0 0 0 0 0.09
prairie junegrass 0 0 0 0 0 0 0 0.09 0
pubescent wheatgrass 0 0 0 0 5.23 53.30 0 0 0
rough fescue 1.44 0.24 5.20 0 0 0 0 0.08 0.14
sandberg bluegrass 0 0 0 0 0 0 0 0.15 1.35
slender wheatgrass 0 0 0 0 0 0 0 0.75 31.68





Species 1999 2000 2001 1999 2000 2001 1999 2000 2001
Chip/ bluebunch wheatgrass 0 0.01 0.15 0.43 0 8.79 0 6.69 14.15
burn cheatgrass 0 0 0.47 0 0.61 0.16 0 0.42 1.92
crested wheatgrass 0 0 0 0 5.80 29.00 0 0 0.38
Idaho fescue 0 0 0 0 0 0 0.17 0 5.08
intermediate wheatgrass 0 2.74 0 6.84 43.60 48.45 0 0 1.11
mountain brome 0 0 0 0 0 0 5.81 15.30 10.63
needle grass 0 0.02 2.48 0 0 0 0 0 0
one spike oatgrass 0 0 0 0 0 0 0 0 0.05
Prairie junegrass 0 0 0.02 0 0 0 0 0.01 0
pubescent wheatgrass 0 0 0 0 12.96 23.32 0 0 0
Rough fescue 0.15 0 0.05 0 0.08 0 0 0.72 0
slender wheatgrass 0 0 5.01 0 0 0 0 16.74 22.43
unknown grass 0 0.01 0 0 0.90 1.05 0 0.03 0
Pile/ bluebunch wheatgrass 0 0.07 0.31 0 0.71 0.24 0.23 2.67 17.26
bum cheatgrass 0 1.29 12.19 0 0.87 0.64 0 0.15 0.91
crested wheatgrass 0 0 0 0 3.85 19.88 0 0 0
Idaho fescue 0 0 0 0 0 0 0 0.04 1.49
intermediate wheatgrass 0 0 0 1.12 54.94 92.35 0 0 0
mountain brome 0 0 0 0 0 0 1.63 16.78 4.83
one spike oatgrass 0 0.11 0.34 0 0 0 0 0 0
pubescent wheatgrass 0 0 0 0 7.98 13.07 0 0 0
Rough fescue 0 0 0.29 0 0 0.24 0 0.10 0
slender wheatgrass 0 0 0 0 0 0 0 5.21 10.17
unknown grass 0 0 0 0 0 0 0 0.46 0
Cntri. bluebunch wheatgrass 5.37 2.75 4.49 2.82 4.16 16.73 1.70 1.72 0.92
Idaho fescue 0 0 0 0.64 2.83 2.38 0.11 0 0.15
intermediate wheatgrass 0 0 0 0.19 0 0 0 0 0
mountain brome 0 0 0 0 0 0 0.42 0 0
one spike oatgrass 4.43 3.70 2.59 0.41 0 0 1.64 1.52 1.93
Prairie junegrass 0 0 0.11 1.32 0.85 1.28 0.25 0.25 0.08
Rough fescue 0 0 0 3.90 6.59 6.55 4.55 6.77 11.67
sandberg bluegrass 0 0.29 1.09 0 0.96 5.83 0 0.21 0.26
unknown grass 0 0 0 0.21 0 0 0 0.03 0
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Table 5. Pearson correlations (r) and p-values for percent cover and density 
of each individual species in relation to all the other species for each 
treatment on the Hilger Hereford ranch in central Montana.
Cover Density
Cover Species R P R P
blue grama
bluebunch wheatgrass
crested wheatgrass 0.089 0.302 0.072 0, 559
intermediate wheatgrass 0.157 0.067 0.144 0,240
pubescent wheatgrass 0.395 0.000 0.560 0.000
western wheatgrass -0.007 0.932 -0.007 0.,932
Cheatgrass -0.015 0.863 -0.018 0, 836
one spike oatgrass -0.022 0.797 -0.018 0,,833
rough fescue -0.023 0.791 -0.015 0. 865
Idaho fescue -0.034 0.696 -0.028 0.,747
prairie junegrass 0.026 0.764 0.016 0.,849
Kentucky bluegrass -0.007 0.932 -0.007 0.932
Canada bluegrass -0.023 0.790 -0.025 0.769
Russain wildrye -0.007 0.932 -0.007 0,,932
bluebunch wheatgrass -0.046 0.594 -0.036 0 675
needle grass -0.011 0.903 -0.010 0.,907
crested wheatgrass -0.181 0.035 -0.184 0. 132
intermediate wheatgrass -0.199 0.020 -0.180 0. 143
pubescent wheatgrass -0.181 0.035 -0.185 0. 131
western wheatgrass 0.061 0.483 0.061 0.484
slender wheatgrass 0.527 0.000 0.583 0.000
blue grama -0.046 0.594 -0.036 0.,675
mountain brome 0.484 0.000 0.579 0.000
Cheatgrass -0.052 0.551 -0.030 0.732
one spike oatgrass -0.121 0.162 -0.109 0.208
rough fescue 0.134 0.121 0.149 0.083
Idaho fescue 0.245 0.004 0.129 0. 136
prairie junegrass -0.116 0.180 -0.109 0.207
Kentucky bluegrass 0.125 0.148 0.142 0.099
Canada bluegrass 0.086 0.317 0.015 0.865
Russain wildrye -0.053 0.539 -0.049 0.567
needle grass -0.075 0.383 -0.068 0.435




Cover Species R P R P
Canada bluegrass crested wheatgrass -0.121 0.159 -0.166 0.177
intermediate wheatgrass -0.113 0.189 -0.156 0.205
pubescent wheatgrass -0.101 0.243 -0.132 0.284
western wheatgrass -0.023 0.790 -0.025 0.769
slender wheatgrass -0.099 0.251 -0.190 0.121
blue grama -0.023 0.790 -0.025 0.769
mountain brome -0.083 0.334 -0.125 0.311
Cheatgrass -0.089 0.305 -0.097 0.263
one spike oatgrass 0.178 0.038 0.220 0.010
rough fescue 0.147 0.088 0.560 0.000
Idaho fescue 0.066 0.448 -0.014 0.867
prairie junegrass 0.072 0.406 0.005 0.954
Kentucky bluegrass 0.118 0.170 0.159 0.064
Russain wildrye -0.023 0.790 -0.025 0.769
bluebunch wheatgrass 0.086 0.317 0.015 0.865
needle grass -0.033 0.706 -0.035 0.689
cheatgrass crested wheatgrass 0.100 0.248 -0.010 0.936
intermediate wheatgrass 0.207 0.016 0.106 0.389
pubescent wheatgrass 0.125 0.147 0.133 0.281
western wheatgrass 0.136 0.115 0.104 0.227
slender wheatgrass 0.105 0.224 0.262 0.031
blue grama -0.015 0.863 -0.018 0.836
mountain brome 0.103 0.233 0.355 0.003
one spike oatgrass -0.108 0.209 -0.074 0.390
rough fescue -0.100 0.248 -0.089 0.304
Idaho fescue 0.010 0.913 -0.017 0.844
prairie junegrass -0.102 0.239 -0.081 0.346
Kentucky bluegrass -0.036 0.674 -0.030 0.727
Canada bluegrass -0.089 0.305 -0.097 0.263
Russain wildrye -0.036 0.674 -0.030 0.727
bluebunch wheatgrass -0.052 0.551 -0.030 0.732
needle grass -0.052 0.550 -0.041 0.634




Cover Species R P R P
crested wheatgrass
Idaho fescue
intermediate wheatgrass 0.619 0.000 0.502 0,.000
pubescent wheatgrass 0.447 0.000 0.322 0.007
blue grama 0.089 0.302 0.072 0,.559
Cheatgrass 0.100 0.248 -0.010 0.936
one spike oatgrass -0.115 0.181 -0.114 0,.353
rough fescue -0.156 0.070 -0.177 0..148
Idaho fescue -0.177 0.040 -0.154 0,.210
prairie junegrass -0.114 0.186 -0.199 0,.104
Kentucky bluegrass -0.039 0.651 -0.086 0,.486
Canada bluegrass -0.121 0.159 -0.166 0,,177
Russain wildrye 0.226 0.008 0.150 0,,221
bluebunch wheatgrass -0.181 0.035 -0.184 0.,132
needle grass -0.055 0,521 -0.118 0.,339
crested wheatgrass -0.177 0.040 -0.154 0.,210
intermediate wheatgrass -0.167 0.052 -0.145 0.,238
pubescent wheatgrass -0.148 0.085 -0.124 0.,314
western wheatgrass 0.140 0.104 0.129 0.135
slender wheatgrass 0.387 0.000 0.420 0.000
blue grama -0.034 0.696 -0.028 0,747
mountain brome 0.284 0.001 0.278 0.022
Cheatgrass 0.010 0.913 -0.017 0.844
one spike oatgrass -0.079 0.360 -0.057 0.509
rough fescue -0.018 0.835 0.003 0.974
prairie junegrass 0.365 0.000 0.466 0.000
Kentucky bluegrass 0.046 0.591 0.118 0. 171
Canada bluegrass 0.066 0.448 -0.014 0.867
Russain wildrye -0.034 0.696 -0.028 0.747
bluebunch wheatgrass 0.245 0.004 0.129 0.136
needle grass -0.048 0.579 -0.038 0.660




Cover Species R P R P
intermediate wheatgrass crested wheatgrass 0.619 0.000 0.502 0.000
pubescent wheatgrass 0.452 0.000 0.334 0.005
blue grama 0.157 0.067 0.144 0.240
Cheatgrass 0.207 0.016 0.106 0.389
one spike oatgrass -0.108 0.211 -0.078 0.527
rough fescue -0.146 0.090 -0.164 0.180
Idaho fescue -0.167 0.052 -0.145 0.238
prairie junegrass -0.098 0.256 -0.181 0.139
Kentucky bluegrass -0.037 0.672 -0.081 0.512
Canada bluegrass -0.113 0.189 -0.156 0.205
Russain wildrye 0.199 0.020 0.205 0.094
bluebunch wheatgrass -0.199 0.020 -0.180 0.143
needle grass -0.052 0.547 -0.111 0.368
Kentucky bluegrass crested wheatgrass -0.039 0.651 -0.086 0.486
intermediate wheatgrass -0.037 0.672 -0.081 0.512
pubescent wheatgrass -0.032 0.708 -0.068 0.579
western wheatgrass -0.007 0.932 -0.007 0.932
blue grama -0.007 0.932 -0.007 0.932
Cheatgrass -0.036 0.674 -0.030 0.727
one spike oatgrass -0.022 0.797 -0.018 0.833
rough fescue 0.223 0.009 0.331 0.000
idaho fescue 0.046 0.591 0.118 0.171
prairie junegrass -0.023 0.792 -0.021 0.804
Canada bluegrass 0.118 0.170 0.169 0.064
Russain wildrye -0.007 0.932 -0.007 0.932
bluebunch wheatgrass 0.125 0.148 0.142 0.099
needle grass -0.011 0.903 -0.010 0,907
mountain brome western wheatgrass 0.314 0.000 0.297 0.014
slender wheatgrass 0.794 0.000 0.724 0.000
Cheatgrass 0.103 0.233 0.355 0.003
one spike oatgrass -0.079 0.360 -0.010 0.937
rough fescue -0.061 0,483 -0.175 0.154
Idaho fescue 0.284 0.001 0.278 0.022
prairie junegrass -0.090 0.298 -0.063 0.607
Canada bluegrass -0.083 0.334 -0.125 0.311
bluebunch wheatgrass 0.484 0.000 0.579 0.000




Cover Species R P R P
needle grass crested wheatgrass -0.055 0.521 -0.118 0.339
intermediate wheatgrass -0.052 0.547 -0.111 0.368
pubescent wheatgrass -0.046 0.594 -0.094 0.447
western wheatgrass -0.011 0.903 -0.010 0.907
blue grama -0.011 0.903 -0.010 0.907
Cheatgrass -0.052 0.550 -0.041 0.634
one spike oatgrass -0.032 0.714 -0.025 0.773
rough fescue -0.041 0.637 -0.037 0.671
Idaho fescue -0.048 0.579 -0.038 0.660
prairie junegrass -0.032 0.709 -0.029 0.735
Kentucky bluegrass -0.011 0.903 -0.010 0.907
Canada bluegrass -0.033 0.706 -0.035 0.689
Russain wildrye -0.011 0.903 -0.010 0.907
bluebunch wheatgrass -0.075 0.383 -0.068 0.435
one spike oatgrass crested wheatgrass -0.115 0.181 -0.114 0.353
intermediate wheatgrass -0.108 0.211 -0.078 0.527
pubescent wheatgrass -0.096 0.269 -0.088 0.475
western wheatgrass -0.022 0.797 -0.018 0.833
slender wheatgrass -0.098 0.255 -0.147 0.231
blue grama -0.022 0.797 -0.018 0.833
mountain brome -0.079 0.360 -0.010 0.937
Cheatgrass -0.108 0.209 -0.074 0.390
rough fescue 0.127 0.140 0.096 0.265
Idaho fescue -0.079 0.360 -0.057 0.509
prairie junegrass 0.125 0.146 0.049 0.567
Kentucky bluegrass -0.022 0.797 -0.018 0.833
Canada bluegrass 0.178 0.038 0.220 0.010
Russain wildrye -0.022 0.797 -0.018 0.833
bluebunch wheatgrass -0.121 0.162 -0.109 0.208
needle grass -0.032 0,714 -0.025 0.773




Cover Species R P R P
prairie junegrass crested wheatgrass -0.114 0.186 -0.199 0.104
intermediate wheatgrass -0.098 0.256 -0.181 0.139
pubescent wheatgrass -0.079 0.360 -0.138 0.263
westem wheatgrass -0.023 0.792 -0.021 0.804
slender wheatgrass -0.092 0.286 -0.102 0.407
blue grama 0.026 0.764 0.016 0.849
mountain brome -0.090 0.298 -0.063 0.607
Cheatgrass -0.102 0.239 -0.081 0.346
one spike oatgrass 0.125 0.146 0.049 0.567
rough fescue -0.069 0.428 -0.069 0.424
Idaho fescue 0.365 0.000 0.466 0.000
Kentucky bluegrass -0.023 0.792 -0.021 0.804
Canada bluegrass 0.072 0.406 0.005 0.954
Russain wildrye -0.023 0.792 -0.021 0.804
bluebunch wheatgrass -0.116 0.180 -0.109 0.207
needle grass -0.032 0.709 -0.029 0.735
pubescent wheatgrass crested wheatgrass 0.447 0.000 0.322 0.007
intermediate wheatgrass 0.452 0.000 0.334 0.005
blue grama 0.395 0.000 0.560 0.000
Cheatgrass 0.125 0.147 0.133 0.281
one spike oatgrass -0.096 0.269 -0.088 0.475
rough fescue -0.127 0.139 -0.131 0.287
Idaho fescue -0.148 0.085 -0.124 0.314
prairie junegrass -0.079 0.360 -0.138 0.263
Kentucky bluegrass -0.032 0.708 -0.068 0.579
Canada bluegrass -0.101 0.243 -0.132 0.284
Russain wildrye 0.027 0.753 0.007 0.952
bluebunch wheatgrass -0.181 0.035 -0.185 0.131
needle grass -0.046 0.594 -0.094 0.447




Cover Species R P R P
rough fescue crested wheatgrass -0.156 0.070 -0.177 0.148
intermediate wheatgrass -0.146 0.090 -0.164 0.180
pubescent wheatgrass -0.127 0.139 -0.131 0.287
western wheatgrass -0.016 0.854 -0.023 0.787
slender wheatgrass -0.058 0.504 -0.134 0.276
blue grama -0.023 0.791 -0.015 0.865
mountain brome -0.061 0.483 -0.175 0.154
Cheatgrass -0.100 0.248 -0.089 0.304
one spike oatgrass 0.127 0.140 0.096 0.265
Idaho fescue -0.018 0.835 0.003 0.974
prairie junegrass -0.069 0.428 -0.069 0.424
Kentucky bluegrass 0.223 0.009 0.331 0.000
Canada bluegrass 0.147 0.088 0.560 0.000
Russain wildrye -0.030 0.729 -0.027 0.755
bluebunch wheatgrass 0.134 0.121 0.149 0.083
needle grass -0.041 0.637 -0.037 0.671
slender wheatgrass western wheatgrass 0.367 0.000 0.250 0.040
mountain brome 0.794 0.000 0.724 0.000
Cheatgrass 0.105 0.224 0.262 0.031
one spike oatgrass -0.098 0.255 -0.147 0.231
rough fescue -0.058 0.504 -0.134 0.276
Idaho fescue 0.387 0.000 0.420 0.000
prairie junegrass -0.092 0.286 -0.102 0.407
Canada bluegrass -0.099 0.251 -0.190 0.121
bluebunch wheatgrass 0.527 0.000 0.583 0.000
westem wheatgrass slender wheatgrass 0.367 0.000 0.250 0.040
blue grama -0.007 0.932 -0.007 0.932
mountain brome 0.314 0.000 0.297 0.014
Cheatgrass 0.136 0.115 0.104 0.227
one spike oatgrass -0.022 0.797 -0.018 0.833
rough fescue -0.016 0.854 -0.023 0.787
Idaho fescue 0.140 0.104 0.129 0.135
prairie junegrass -0.023 0.792 -0.021 0.804
Kentucky bluegrass -0.007 0.932 -0.007 0.932
Canada bluegrass -0.023 0.790 -0.025 0.769
Russain wildrye -0.007 0.932 -0.007 0.932
bluebunch wheatgrass 0.061 0.483 0.061 0.484
needle grass -0.011 0.903 -0.010 0.907
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